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Abstract 
 
In this dissertation, solid oxide membrane reactors were fabricated and tested as 1) fuel 
cells operating directly on ethanol and 2) for the production of ethane and ethylene 
directly from methane. The first part of this dissertation discusses results from a study 
where solid oxide fuel cells were fabricated with Ni based anodes and operated directly 
on ethanol fuel.  In this study, small amounts of Sn (1wt% on a metals basis) added to the 
surface of the Ni anode improved the carbon tolerance of the fuel cells.  Improved carbon 
tolerance of the Sn/Ni alloy electrocatalysts led to enhanced electrochemical stability as 
well as less carbon deposition within the anode as compared to the monometallic Ni 
samples.  The second part of this dissertation presents an analysis of membrane and 
packed bed plug flow reactors for the process of oxidative coupling of methane (OCM) 
using kinetic data from the literature.  This analysis demonstrated that the use of 
membrane reactors for OCM can theoretically result in higher yields of ethane and 
ethylene products compared to packed bed reactors.  The final part of the dissertation 
presents experimental work directed towards the development of membrane reactors for 
OCM.  This work included a catalyst screening which identified lanthanum gallate doped 
with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-x, LSGM) as a promising catalyst 
for use in membrane reactors for OCM.  Integration of this catalyst into a membrane 
reactor showed high selectivity to ethane and ethylene, however, due to low membrane 
xvii 
 
surface area, the methane conversion was very small and decreased over time, possibly 
due to carbon poisoning of the catalyst surface.        
1 
 
Chapter 1 
Introduction and Background 
 
 
 
1.1 Summary 
This chapter serves as an introduction to solid oxide membrane reactors, 
providing information on their basic function and how they can be used to generate 
power and produce chemical feedstocks.  The chapter begins with a brief discussion on 
the energy landscape within the United States, which serves as the motivation for this 
study, followed by basic principles of chemical reactions and catalysis and the basic 
function of membrane reactors.  The discussion then focuses on two technologies: solid 
oxide fuel cells and oxidative coupling of methane.  Each technology is described, along 
with the challenges that limit the overall usefulness of the technology and will be 
addressed in detail in later chapters. The conclusion of this chapter provides a scope of 
this thesis with short descriptions of each chapter.    
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1.2 Changing energy landscape 
Over the last several decades energy consumption in the United States has risen 
from 68 quadrillion BTU in 1970 to 98 quadrillion BTU in 2014 [1].  Energy 
consumption can be broken down into four main categories which include transportation, 
industrial, residential and commercial, and electric power.  Within each sector there are 
one or more preferred energy sources, which are mainly fossil fuels (petroleum, natural 
gas, and coal).  Figure 1.1 shows data from 2012 for US energy consumption by energy 
source and sector.    
As illustrated in Figure 1.1, in the transportation sector the largest energy source 
is petroleum.  Over the last few decades there has been a large increase in the available 
resources in the United States due to advancements in the recovery of shale and tight oil 
[2].  The availability of large reservoirs of petroleum domestically has resulted in the 
United States becoming the largest producer of petroleum in the world [2].  Prior to the 
increased production of petroleum, the recovery of shale gas increased the production of 
methane rich natural gas (~90% CH4) which can be extracted on its own or along with 
petroleum liquids.  Although much of the natural gas produced in the United States is 
burned as fuel or used in chemical synthesis, portions that are not economically 
recoverable are flared to the atmosphere, releasing CO2, water, and criteria air pollutants 
including NOx [3]. 
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Figure 1.1:  US energy consumption by sector and primary energy source.  Data 
from the Energy Information Administration. 
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Although the fossil fuel resources within the United States are vast, there are 
concerns that the continued combustion of fossil fuels at the current rate of consumption 
is leading to changes in the environment [4].  Such concerns have led to research that 
aims to increase the efficiency of energy conversion, create fuels from carbon sources 
that are renewable (such as biomass), and better utilize natural gas that is currently flared.  
In all of these aims, catalysis has, and will continue to play a large role.     
1.3 Chemical reactions and catalysis 
In a chemical reaction the bonds of one or more chemical species are broken 
and/or new bonds are formed resulting in one or more new chemical species [5].  For 
combustion of a fuel this process can be represented by the following reaction:  
aA + bO2  cCO2 + dCO + eH2O  (1.1) 
In this reaction, A represents a carbon based fuel source that reacts with oxygen to form 
carbon dioxide, carbon monoxide, and water.  The lower case letters represent numbers 
that correspond to the stoichiometric coefficients of the reaction and will vary depending 
on the fuel source and reaction conditions.   
In order for a chemical reaction to occur, the molecules in the reaction must 
overcome an energy barrier known as the activation energy (Ea) [5].  Consider a reaction 
chamber containing methane and oxygen.  At typical room conditions (1 atm, 298 K) the 
methane and oxygen will not react in significant amounts to form products because the 
activation energy has not been reached.  However, if the temperature is raised many 
hundreds of degrees, the methane and oxygen will begin reacting to form the products in 
reaction 1.1.  As the temperature continues to increase, more and more of the methane 
and oxygen will overcome the activation barrier and react to form products.   
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 For chemical reactions, the conversion of reactants and the selectivity and yield of 
products are often discussed.  The conversion of a reaction is the measure of the fraction 
of a reactant that is converted to a product at the reaction conditions.  The selectivity is a 
measure that relates how much one product is favored over another.  For instance, in the 
combustion reaction, either CO2 or CO can be formed from each carbon atom in the fuel.  
Whether the reaction is more selective to CO2 or CO is dependent on the reaction 
pathway that is most favored by the reaction conditions. In this case the selectivity to CO 
would be CO / (CO + CO2).  The yield of a reaction is a measure of the total amount of a 
specific product generated by the reaction.  It is often calculated by multiplying the 
selectivity and conversion.  Conversion, selectivity, and yield are important to consider 
because processes with low conversion, selectivity, or yield are often not economically 
favorable. 
 In many chemical reactions a catalyst is used to increase either the conversion or 
the selectivity to certain products [6].  Figure 1.2a shows a diagram of a reaction 
occurring on a catalyst.  In Figure 1.2a, the reactant adsorbs to the catalyst surface where 
it interacts with another reactant on the surface to form products.  The catalyst increases 
the conversion of a reactant by providing a surface or site that lowers the activation 
energy of a particular step or steps in the reaction [6].  The effect of a catalyst on the 
activation energy is shown in Figure 1.2b.  Although the total energies of the products 
and reactants are the same, the energy needed to overcome the activation energy is 
lowered by the catalyst, increasing the reaction rate at a given reaction condition.   
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Figure 1.2.  a) Diagram of a reaction occurring on a catalyst surface.  
 b) Reaction coordinate showing activation energy required for a reaction with and 
without a catalyst. 
  
a) 
b) 
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Additionally, a catalyst can increase selectivity to a product by offering sites that 
create a reaction pathway that is more favorable to one product than the other [6].  
Because the activation energy for the reaction and the selectivity of the products (and 
therefore the economics of the process) are dependent on the catalyst surface sites, 
catalysts are a large area of both theoretical and experimental research.     
1.4 Solid oxide membrane reactors  
One type of chemical reactor where catalysts play a large role is solid oxide 
membrane reactors.  A diagram of a solid oxide membrane reactor is shown in Figure 1.3.  
The reactor has two chambers that are separated by a gas-tight membrane made from a 
solid oxide material that is capable of transporting O
2-
 at high temperature (typically 873-
1273 K) [7].  A gas containing oxygen (typically O2 or air) flows into the top chamber, 
where a catalyst dissociates the oxygen in the stream and provides two electrons reducing 
each O atom to O
2-
.  The O
2-
 is then transported through the catalyst layer and the 
membrane layer to the opposite chamber.  Here, the O
2-
 can be re-oxidized to reform O2, 
or react with gases in the lower chamber. The electrons are returned to the top chamber 
catalyst to balance the charge.  The return of the electrons occurs either via an external 
circuit (Figure 1.3a), or through the membrane (Figure 1.3b) depending on the whether or 
not the membrane is electrically conductive [8].   
The transfer of O
2-
 in the solid oxide membrane is essential for the function of 
solid oxide membrane reactors and in this thesis it will be referred to generally as “ionic 
conductivity”.  Ionic conductivity mainly occurs in metal oxides that have either a 
fluorite or perovskite structure, which are depicted in Figure 1.4 [7].  The ionic 
conductivity of these materials is caused by oxygen vacancies in the lattice structure, 
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which allows oxygen anions to hop from vacancy to vacancy [7].  When coupled to a 
concentration or potential gradient, the movement of oxygen through the vacancies 
creates a flux of oxygen anions through the solid material.  In order to create vacancies, 
the material can be “doped” with another metal cation that has a similar radius, but a 
different oxidation state [7].  For instance, in Figure 1.4b, if some of the gallium atoms 
from the B sites, which have an oxidation state of +3, are replaced with magnesium, 
which have an oxidation state of +2, there will be a charge imbalance.  In order to 
preserve electrical neutrality, the amount of oxygen is decreased, leaving vacancies in the 
lattice. Substitutions of multivalent metals can also induce electronic conductivity into 
the metal oxide [7].  If gallium atoms are instead replaced with Ni, which can have an 
oxidation state of +2 or +3, the metal oxide will have both electronic and ionic 
conductivity (mixed conductivity) [9].   
The ionic conductivity of a solid oxide membrane reactor is also controlled by 
several external factors.  The factors that control the conductivity are shown in Table 1.1 
along with the trend that is observed for each factor.  Using a combination of these 
factors, it is possible to control the flux of O
2-
 through the membrane [7]. 
Solid oxide membrane reactors have been employed for several different purposes 
including: 1) Generation of very pure oxygen streams from air. 2) Partial oxidation of 
methane to form carbon monoxide and hydrogen 3) Generation of power via combustion 
across the membrane in solid oxide fuel cells. 4) Oxidative coupling of methane (OCM) 
to form ethane and ethylene.  The use of solid oxide membrane reactors for generation of 
power in solid oxide fuel cells and in oxidative coupling of methane will be discussed 
further.   
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as                dfa      
Figure 1.3. Membrane reactor diagrams: a) reactor with a membrane that is ionically 
conductive with an external circuit for electron transport  b) reactor with a membrane 
with both ionic and electronic conductivity and no external circuit. 
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Figure 1.4. a) Fluorite structure where A represents metal atoms (e.g. Zr) and X 
represents oxygen atoms b) Perovskite structure where A and B represent metal atoms 
(e.g. La and Ga) and X represents oxygen atoms. 
a) 
b) 
11 
 
Table 1.1. Factors that affect the oxygen flux in a solid oxide membrane reactor 
 
Factor 
 
 
Trend 
 
Temperature 
 
Increasing the temperature increases the rate of surface 
reactions and the rate of oxygen hopping from vacancy to 
vacancy, thus increasing the flux 
 
Oxygen concentration 
difference across the 
membrane 
 
 
A larger difference in the oxygen concentration across the 
membrane increases the flux 
 
Membrane thickness 
 
Decreasing the thickness of the membrane decreases the 
resistance across the membrane, increasing the flux 
 
Voltage difference across 
the membrane (non-
electronically conductive 
membranes) 
 
The reactions occurring on either side of the membrane 
determine the potential difference across the membrane.  
When there is no electrical contact between the sides, the 
voltage difference across the membrane is called the open 
circuit voltage.  As the voltage difference is decreased, 
current starts to flow and is proportional to the oxygen flux.  
Therefore, lowering the voltage difference increases the 
flux.  Running at negative voltages is also possible and is 
referred to as an “oxygen pump”. 
 
Surface catalysts 
 
If the surface reactions are the limiting factor, the addition 
of a catalyst to the surface of the membrane can increase 
the rate of the surface reactions, increasing the flux. 
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1.5 Solid oxide fuel cells 
One specific type of solid oxide membrane reactor is a solid oxide fuel cell 
(SOFC), which generates power electrochemically by converting the chemical energy in 
fuels to electrical energy.  SOFCs have many benefits over conventional combustion 
technologies including noise and vibration free operation, little to no emission of criteria 
air pollutants NOx and SOx [10], and efficiencies up to 80% when waste heat is recovered 
[11].  SOFCs work by separating a combustion reaction into two half reactions.  The half 
reactions are separated by the membrane, also called an electrolyte, which has good ionic 
conductivity but in this case does not have electronic conductivity [11].  The two half 
reactions determine the voltage across the cell, which can be determined theoretically 
using the Nernst equation (1.2), where Ecell is the total voltage difference across the cell, 
E
0
rxn is the difference between the reduction potentials of the half reactions at standard 
conditions, R is the universal gas constant, T is the absolute temperature, z is the number 
of moles of electrons transferred, F is Faraday’s constant, and Q is the reaction quotient.  
Because each cell is limited to this theoretical voltage, cells are connected in series to 
increase the total voltage of the power source.   
       
 
    
  
  
             (1.2) 
As with all solid oxide membrane reactors, SOFCs typically operate at 
temperatures between 823-1273 K.  High temperature operation offers several benefits 
including activating hydrocarbon fuels, improved tolerance of impurities, and using waste 
heat for combined heat and power.  Figure 1.5 shows a diagram of a SOFC and the 
corresponding half reactions for a fuel cell operating on hydrogen (H2).  For this fuel cell, 
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using the Nernst equation, the theoretical voltage across the cell is found to be ~1.1V at 
700°C. 
In a SOFC, the reduction and oxidation catalysts are mixed with solid oxide 
materials in order to form electrodes that are both ionically and electronically conductive. 
The electrode containing the reduction catalyst, the membrane, and the electrode 
containing the oxidation catalyst are called the cathode, electrolyte, and anode, 
respectively.  Although many combinations of materials can be used to create SOFCs, the 
most common materials are nickel/yttria-stabilized-zirconia (Ni/YSZ), YSZ, and 
lanthanum-strontium-manganite/YSZ (LSM/YSZ) for the anode, electrolyte, and cathode, 
respectively [12].   
SOFCs with Ni based anodes are a particularly attractive technology because the 
Ni based anode can have several functions within the cell.  The Ni not only conducts 
electricity and catalyzes the oxidation reactions, but can also reform carbonaceous fuels 
(with the addition of steam) to form CO and H2 at SOFC operating conditions (600-
1000°C) [12].  In theory, carbonaceous fuels can be reformed and oxidized internally in 
the fuel cell anode (internal reforming SOFCs), increasing the efficiency of the overall 
system and eliminating expensive equipment such as a pre-reformer and water-gas shift 
reactors; leading to systems that are portable and cost efficient.  Carbonaceous fuels can 
also be fed directly to fuel cells (without the addition of steam), using only the oxygen 
coming through the electrolyte as an oxidant. 
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Figure 1.5. Solid oxide fuel cell diagram showing reactions with hydrogen gas to 
form water  
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Direct oxidation of carbon-based fuels is beneficial to the cost and portability of 
SOFC power sources; however, it also leads to reliability problems [11].  A SOFC anode 
operating directly on a carbonaceous fuel source not only performs the reactions shown 
in Figure1.5, but also reforms the carbonaceous fuel [11]. In the process of reforming 
carbon fuels, dissociative adsorption of hydrocarbons results in carbon adsorbed on the 
surface of the Ni particles.  The carbon can then react with oxygen to form CO or CO2, or 
react with other carbon atoms to form chains of carbon called carbon nanofibers [13].  
Unfortunately, Ni catalysts are known to catalyze the growth of graphitic carbon 
nanofibers at SOFC conditions and the growing filaments can poison the catalytic sites of 
the anode, and eventually cause expansion of the anode leading to cracking and failure 
[14].  Carbon filaments can be seen on fuel cell anodes using ex-situ techniques including 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
[15,16], and graphitic carbon was shown to be present on fuel cell anodes using in-situ 
Raman spectroscopy [17–19].  Conductivity measurements have shown that the carbon 
filaments also cause changes in the electrical resistance of the anode [14].  Failure by 
carbon deposition is a critical bottleneck for the development of SOFCs with internal 
reforming capabilities [10,13,20,21].  Chapter 3 discusses advancements in reducing 
carbon filament growth and utilizing ethanol fuel directly on Ni based SOFC anodes. 
1.6 Oxidative coupling of methane 
Another use for solid oxide membrane reactors is for oxidative coupling of 
methane (OCM) to form ethane and ethylene (C2).  Oxidative coupling of methane is a 
reaction where methane is directly converted to C2 species on a metal oxide catalyst 
through the proposed mechanism shown in Figure 1.6a [22].  In the first step, the 
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methane molecule interacts with an oxygen atom at the surface of the catalyst and gives 
up one of its four hydrogen atoms.  The remaining *CH3 returns to the gas phase as a 
methyl radical.  Subsequently, another methane molecule interacts with the OH group on 
the surface, gives up a hydrogen atom, and also returns to the gas phase as a methyl 
radical.  The methyl radicals in the gas phase then couple to form ethane, and water is 
released from the surface of the catalyst [23].  Further oxidation of ethane leads to 
ethylene and can also lead to formation of CO or CO2.   
Although this process has been studied over the last several decades, it is yet to be 
fully commercialized because it is very difficult to obtain high yields of C2 products.  In 
most studies, the maximum single pass yield of C2 products in a traditional packed bed 
reactor does not exceed 25% because of the formation of the undesired products CO and 
CO2 (COx) [24].  COx products can be formed in two different ways [25].  First, methane 
can interact with the catalyst and fully dissociate (lose all H atoms), directly forming 
COx.  Additionally, the methyl radicals, ethane, and ethylene that are formed can interact 
with oxygen on the catalyst or in the gas phase to form COx.  Figure 1.6b shows a 
reaction coordinate along with the change in Gibbs Free Energy (ΔG) of each reaction at 
1000 K.  Although the ΔG of all of the reactions are negative, indicating that they are all 
thermodynamically favorable at these conditions, the very large ΔG for the CO2 reaction 
indicates that CO2 is the most favorable product.  Because of these challenges, OCM 
reactors can be run at high C2 selectivity and low methane conversion, or vice versa.  
Then, because C2 yield is the product of C2 selectivity and methane conversion, the yield 
is low at any condition.  Chapters 4, 5, and 6 discuss strategies for using membrane 
reactors to increase the overall yield of C2 products in OCM reactors. 
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Figure 1.6. a) Basic steps of OCM on a metal oxide catalyst surface b) Gibbs Free 
Energy change for OCM reactions 
  
a) 
b) 
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1.7 Scope of the dissertation 
The objective of this dissertation is to improve the understanding of membrane 
reactors and increase their usefulness in practical applications.  Chapter 2 is a general 
overview of the fabrication methods and experimental techniques that were used to 
generate the data herein.  Using the information in Chapter 2, other researchers should be 
able to reasonably duplicate the catalysts, membrane reactors, and experimental 
conditions that were used in this study.   
Chapter 3 is focused on testing Ni and Ni alloy solid oxide fuel cell catalysts for 
carbon tolerance while operating on ethanol fuel.  This chapter includes electrochemical 
and microscopy data that illuminates the electrochemical and physical changes of the 
anode catalysts due to carbon while operating on ethanol fuel. 
In Chapter 4, the topic is switched to oxidative coupling of methane. This chapter 
further discusses the challenges of commercializing OCM processes and compares the 
theoretical yield of C2 products in membrane and packed bed reactors using published 
kinetic data. This chapter also identifies key areas where research and development 
should be focused in order to maximize the C2 yield of membrane reactors.  
In Chapter 5, a catalyst screening is presented to determine if the materials 
commonly used in solid oxide fuel cell technology have activity and selectivity for OCM.  
The materials chosen to be tested have the required properties for use in membrane 
reactors, and contain elements that have shown high selectivity to C2 products in previous 
studies.  Chapter 5 contains methane conversion and C2+ selectivity data for lanthanum 
gallate doped with strontium and magnesium (LSGM) with and without 1% Li, 
lanthanum strontium cobalt ferrite (LSCF), and lanthanum strontium manganite (LSM) 
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collected in a packed bed reactor.  Through this screening, it was found that the LSGM 
materials show promising catalytic activity and selectivity, and the results of further 
testing for trends with reaction temperature and stability over time are presented in 
Chapter 5 for these materials.     
In Chapter 6, results are presented for membrane reactors fabricated using the 1% 
Li-LSGM material from the catalyst screening in Chapter 5 as a methane side catalyst.  
This chapter includes details on the fabrication and characterization of small planar disk 
membrane reactors with mixed conducting membranes, as well as results from testing the 
reactors using high partial pressures of methane.  Two membrane materials were tested: 
LSCF and LSGM that has been doped with Ni. The membrane reactors were tested at 
temperatures between 1023 and 1173 K and the data presented include O
2-
 flux through 
the membranes, CH4 conversion, and C2 product selectivity and yield.  Chapter 6 also 
shows the stability of the reactors over time.             
Chapter 7 is the final chapter of the dissertation.  This chapter states the general 
conclusions of the studies presented in this dissertation and ends with suggested future 
work that would build on the study presented here. 
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Chapter 2 
Experimental Techniques 
 
 
 
 
2.1 Summary 
This chapter describes the theoretical and experimental techniques used to 
generate the data presented in this thesis.  Using the information in this chapter, other 
researchers should be able to reasonably duplicate the catalysts, membrane reactors, and 
experimental conditions that were used in this study.  The chapter begins with the 
experimental procedures that were followed to synthesize and fabricate the catalysts and 
reactors, then goes on to explain the experimental setups and procedures that were used 
for testing.  In the last part of the chapter, a brief description is given on the theory and 
background for each technique used to collect experimental and characterization data.   
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2.2 Catalyst Preparation and Membrane Reactor Fabrication 
2.2.1 Solid oxide fuel cells 
The solid oxide fuel cells used in this study were anode-supported button cells similar to 
those fabricated by Nikolla et al. [1].  To fabricate the fuel cells, first powders of NiO, 
yttria stabilized zirconia (YSZ), and graphite were mixed in a mass ratio of 1:1:0.6.  The 
powders were made into a slurry with de-ionized water and a dispersant. Details for each 
of the chemicals used to make the fuel cells and the quantities used in a typical batch are 
provided in Table 2.1.  The slurry was placed in a ball mill with zirconia media and 
ground for ~24 hours.  The water was then evaporated from the slurry under constant 
stirring, and the resultant powder was forced through a 200 mesh sieve.  Portions of the 
powder weighing 0.2 g each were then pressed into disks 15 mm in diameter using 750 
kg of pressure in a pellet press.  The disks were transferred to a furnace and heated to 
1273 K for 4 hours in air using heating and cooling rates of 2 K/min.  At this point, Sn 
was added to some of the fuel cell anodes.  SnCl2*2H2O was dissolved in ethanol and 
added to the anode catalyst pellets using the incipient wetness technique.  Enough 
solution was added to the pellets to result in 1% Sn on a metals basis (Sn/(Ni + Sn)).  In 
order to not over saturate the pellets, the solution was added in three additions, allowing 
the pellet to dry between additions. 
 The electrolyte layer was added to each of the anode pellets using a drop coating 
technique.  To make the electrolyte solution, 0.2 g of YSZ was mixed with 20 mL ethanol 
and 24 drops of Ethocel-300 solution (0.1g Ethocel-300 in 10 mL ethanol). The mixture 
was placed in a sonicator until a uniform suspension formed (at least 10 min).  
Immediately following sonication, the suspension was then added in a total of 12, 65 μL 
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additions to the surface of the pellets using a micropipette, allowing the pellets to dry 
completely between additions.  The pellets were then transferred to zirconia plates and 
sintered in air at 1723 K for 4 hours using heating and cooling rates of 1 K/min.   
Table 2.1: Solid oxide fuel cell materials 
Chemical Manufacturer Purity 
Particle 
Size 
Typical amount 
used 
Anode Powder    0.2 g/cell 
Nickel Oxide (NiO) Alfa Aesar 99% 325 mesh 10 g 
Yttria stabilized 
zirconia (YSZ, 8%) 
Tosoh   10 g 
Graphite Alfa Aesar 99% 300 mesh 6 g 
Dispersant 
(Duramax
TM
 D-
3005) 
Dow Chemical   6 drops 
Tin Solution    114 μL 
Tin Chloride 
(SnCl2*2H2O) 
Alfa Aesar Reagent Grade  0.2 g 
Ethanol Fisher 92.7%  20 mL 
Electrolyte Solution    0.78 mL 
Yttria stabilized 
zirconia (YSZ, 8%) 
Tosoh   0.2 g 
Ethanol Fisher 92.7%  20 mL 
Ethocel Solution    24 drops 
Ethocel-300 Dow Chemical   0.1 g 
10 mL Ethanol    
Cathode Powders     
Lanthanum 
strontium manganite 
La0.8Sr0.2Mn0.98O3-δ 
Praxair 99.9% 
1.1μm 
(d50) 
 
Yttria stabilized 
zirconia (YSZ, 8%) 
Tosoh    
Graphite Alfa Aesar 99% 300 mesh  
Ceramabond-552 Aremco    
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A dual layer cathode was then painted onto the surface of the electrolyte side of 
the fuel cell disks.  The first layer was a 1:1 weight ratio mixture of lanthanum strontium 
manganite (LaSrMnO3, LSM) and yttria stabilized zirconia.  The powders were placed in 
a ball mill with zirconia media and water for 24 hours before being dried and re-
suspended in ethanol.  A thin layer was painted on the surface of the electrolyte, dried, 
and heated to 673 K for 2 hours using heating and cooling rates of 2 K/min.  The second 
layer was a 4:1 weight ratio mixture of LSM and graphite, which were also placed in a 
ball mill with zirconia media and water for 24 hours, dried, and re-suspended in ethanol 
to make a paint.  This second suspension was painted on top of the first cathode layer, 
and heated to 1423 K for 2 hours using heating and cooling rates of 2 K/min.   
 Electrical connections to the anode and cathode were made with gold wires and 
silver paste.  On the anode side, two gold wires were secured around the perimeter of the 
fuel cell with silver paste.  On the cathode side two gold wires and gold mesh were 
secured on the outer edges of the cathode area, leaving an effective cathode area of ~0.15 
cm
2
.  The fuel cell was then secured to an alumina tube using a ceramic sealant, and 
placed in a tube furnace.  
 The furnace containing the alumina tube and fuel cell was heated at 1 K/min to 
373 K and held at that temperature for 2 hours, then heated at 1 K/min to 573 K and held 
for another 2 hours to fully cure the ceramic sealant.  Then the temperature was increased 
at 0.8 K/min to 973 K.  At this time, the anode side of the fuel cell was purged with Ar 
gas, and then switched to hydrogen gas flowing at 120 sccm.  The fuel cells were held 
under hydrogen flow for 16 hours at 973 K to fully reduce the NiO in the anode to Ni.   
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2.2.2 Oxidative coupling of methane packed bed reactor catalysts 
The catalysts used for oxidative coupling of methane in the packed bed reactor were 
formed into porous pellets.  The details for all of the materials used in this procedure are 
included in Table 2.2.  First, each catalyst was mixed with graphite in a 1:0.56 weight 
ratio in a mortar and pestle.  The powder was pressed into cylindrical pellets that were 6 
mm in diameter and about 3.5 mm in length using 750 kg of pressure in a pellet press.  
The pellets were placed in a furnace and heated to 1273 K for 4 hours in air using heating 
and cooling rates of 2 K/min to remove the graphite pore former. Li was added to some 
of the pellets using the following incipient wetness technique procedure:  Li2CO3 was 
dissolved in water and enough of the solution was added to each pellet to obtain 1% Li on 
a mass basis.  In order to not over-saturate the pellets, the Li2CO3 solution was added in 
several additions (~10) and dried at 348 K between additions.   
For each of the catalyst tests, 1 catalyst pellet weighing 0.11 g was placed in the 
center of an alumina tube with an inner diameter of ¼”.  Silica wool was added to both 
sides of the catalyst pellet to prevent catalyst movement in the tube.  The alumina tube 
was then placed in a tube furnace and heated to the reaction temperature under 40 sccm 
flow of Ar.  The catalysts were held at the reaction temperature under Ar flow for ~8 
hours before catalytic tests began.  
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Table 2.2: Oxidative coupling of methane packed bed reactor materials 
Chemical Manufacturer Purity 
Particle 
Size 
Surface Area 
m
2
/g 
Catalysts     
La0.8Sr0.2Ga0.8Mg0.2O3-δ Sigma Aldrich 99% 
0.8 d50 
(μm) 
4 
La0.6Sr0.4Co0.2Fe0.8O3-δ Sigma Aldrich  
0.4 d50 
(μm) 
5.5 
La0.8Sr0.2Mn0.98O3-δ Praxair 99.9% 
1.1 d50 
(μm) 
4.77 
Pore Former     
Graphite Alfa Aesar 99% 300 mesh  
Lithium Solution     
Lithium Carbonate 
(Li2CO3) 
Fisher 99+%   
Ethanol Fisher 92.7%   
 
2.2.3 Oxidative coupling of methane membrane reactors 
The membrane reactors for oxidative coupling of methane were disk shaped membrane 
supported reactors.  The details for all of the materials used in this procedure can be 
found in Table 2.3.  The membrane materials used in the study were LSGM, LSCF, and 
15% Ni-LSGM.  The LSGM and LSCF materials were used as received from the 
manufacturer.  The 15% Ni-LSGM material was synthesized using the following 
procedure: NiO and LSGM powders were ground together in a mortar and pestle in a 
weight ratio of 0.28:5.  The resultant powder was heated in air to 1273 K in air using 
heating and cooling rates of 2 K/min.  Membrane disks were fabricated by loading 0.18 g 
of the membrane material into a 15 mm diameter cylindrical pellet die and pressing in a 
pellet press using 750 kg of pressure.  The disks were then sintered at 1723 K in air for 4 
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hours using heating and cooling rates of 1 K/min.  The resulting disks were 12 mm in 
diameter and ~200 μm thick as measured by scanning electron microscopy.   
Catalysts were added to each side of the membrane before testing.  For the 
methane side catalyst, LSGM and graphite were mixed using a mortar and pestle in a 3:1 
weight ratio.  To add the catalyst to the surface of the membrane, 0.05 grams of the 
catalyst powder was suspended in 150 μL of ethanol. 25 μL of the suspension was added 
to each of the membrane pellets and dried in air.  The air side catalyst was then added to 
the opposite side of the membrane.  The air side catalyst was prepared by mixing LSCF 
and graphite in a 1:0.56 weight ratio in a mortar and pestle.  Ethanol was added to the 
powder to make a suspension which was then painted onto the surface of the membrane 
(on the opposite side from the methane catalyst).  The membrane reactors were then 
heated in air to 1423 K for 2 hours at heating and cooling rates of 2 K/min.  Li was added 
to the methane side catalyst using the same incipient wetness technique as described in 
Section 2.2.2.   
2.3 Experimental Setups 
2.3.1 Solid Oxide Fuel Cell (SOFC) Experiments 
The solid oxide fuel cell experiments were performed using the experimental setup 
shown in Figure 2.1.  On the anode side of the fuel cell, hydrogen and argon gases were 
connected to a mass flow controller, and could be sent through the ethanol bubbler or 
through the bypass before flowing up a quartz tube that ends just before the surface of the 
anode.  The anode gas then reacted on the surface of the anode and flowed back down the 
outside of the quartz tube. On the cathode side of the fuel cell the air flow was controlled  
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Table 2.3: Oxidative coupling of methane membrane reactor materials 
Chemical Manufacturer Purity 
Particle 
Size  
Typical 
amount used 
LSCF Membrane    
0.18 
g/membrane 
La0.6Sr0.4Co0.2Fe0.8O3-δ Sigma Aldrich  
0.4 d50 
(μm) 
 
Ni-LSGM Membrane    
0.18 
g/membrane 
La0.8Sr0.2Ga0.8Mg0.2O3-δ Sigma Aldrich 99% 
0.8 d50 
(μm) 
5 g 
Nickel Oxide (NiO) Alfa Aesar 99% 325 mesh 0.28 g 
Methane Catalyst    8.3 mg/reactor 
La0.8Sr0.2Ga0.8Mg0.2O3-δ Sigma Aldrich 99% 
0.8 d50 
(μm) 
0.75 g 
Graphite Alfa Aesar 99% 300 mesh 0.25 g 
Lithium Solution    40 μL/ reactor 
Lithium Carbonate 
(Li2CO3) 
Fisher 99+%  0.25 g 
Ethanol Fisher 92.7%  20 mL 
Air Catalyst     
La0.6Sr0.4Co0.2Fe0.8O3-δ Sigma Aldrich  
0.4 d50 
(μm) 
1 g 
Graphite Alfa Aesar 99% 300 mesh 0.56 g 
 
by a rotometer, and flowed through a quartz tube ending just above the cathode surface.  
There were two K type thermocouples in the system, one in the furnace wall and one a 
few millimeters above the surface of the cathode (not shown).  The thermocouple just 
above the cathode was used to determine the stated temperature of the system.   
The gold fuel cell wires were connected to a PARSTAT 2273 (Princeton Applied 
Research) potentiostat to control the working potential and monitor the current through 
the system.  In this two electrode system, the anode was used as both the working and 
sensing electrode, and the cathode was used as the counter and reference electrode.    
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2.3.2 Oxidative Coupling of Methane Packed Bed Reactor Experiments 
The packed bed reactor experiments were performed using the experimental setup shown 
in Figure 2.2.  Argon, air and a methane mixture of 95% methane and 5% He were 
controlled by mass flow controllers and fed into an alumina tube within a horizontal 
furnace.  The effluent gas was analyzed by a Varian CP-3800 GC with two thermal 
conductivity detectors and a flame ionization detector.  Details about the GC method and 
apparatus are given in Section 2.5.   
2.3.3 Oxidative Coupling of Methane Membrane Reactor Experiments 
The membrane reactor experiments for oxidative coupling of methane were performed 
using the experimental setup shown in Figure 2.3.  In each experiment, a membrane 
reactor was fused using a sealant containing glass powder (Bullseye Glass) onto the end 
of an alumina tube with the methane side catalyst facing the inside of the tube.  On the 
methane side, a methane mixture (95% methane, 5% He) and argon gas were controlled 
by mass flow controllers.  The gases flowed up an inner quartz tube, reacted at the 
methane side catalyst surface, and flowed back down an alumina tube where they were 
analyzed by gas chromatography.  On the air side, air flowed down a quartz tube that 
ended just above the surface of the air side catalyst.  The temperature of the system was 
monitored by a thermocouple that was also located just above the surface of the 
membrane disk.   
2.4 Electrochemical Techniques 
In the SOFC experiments, several electrochemical techniques were used to monitor the 
changes in the fuel cells over time.  All of the following techniques were performed using 
a PARSTAT 2273 (Princeton Applied Research) potentiostat. 
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Figure 2.1: Solid oxide fuel cell experimental setup 
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Figure 2.2: OCM packed bed reactor experimental setup  
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Figure 2.3: OCM membrane reactor experimental setup 
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2.4.1 Current-Voltage Curves 
Current-Voltage curves (or I-V curves) are used to determine the current in an 
electrochemical system over a range of potentials.  In a two electrode system such as the 
one described in Section 2.3.1, the potential difference between the electrodes is 
considered the potential (or voltage) of the system.  To make an I-V curve, the 
potentiostat sets potential of the system at a certain value then increases or decreases the 
potential at a specified rate while recording the response in terms of current [2].  The 
potential can either be changed continuously, or it can be changed in step-wise, holding 
each potential for a specified amount of time.  In this study, all I-V curves were started at 
the open circuit potential of the system (~1.1 V) and the potential was decreased in steps 
by 0.02 V every 10 seconds ending at a potential of 0.1 V.      
Figure 2.4 is a diagram of an I-V curve showing a representative excitation 
voltage, along with a typical current response.  There are three distinct regions of the 
polarization curve as the ΔV of the system decreases; activation polarization at high ΔV, 
ohmic polarization at intermediate ΔV, and concentration polarization at low ΔV [3].  At 
high ΔV, the rate of the reactions at the surface of the electrodes controls the overall rate 
of electron transfer in the system, which is also known as the current.  At intermediate 
ΔV, the ohmic resistance across the fuel cell controls the current.  In this region, the 
current increases nearly linearly as the ΔV decreases.  Finally, at low ΔV the current is 
controlled by the transfer of reactants from the gas phase to the surface of the electrodes.  
Using this information, the changes in the I-V curves over time can be used to understand 
physical changes that are occurring within the fuel cell.   
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Figure 2.4: Current-Polarization curves showing the voltage excitation (red, top axis), the 
current response (black, bottom axis), and the three polarization regions 
  
38 
 
2.4.2 Impedance Spectroscopy 
Impedance spectroscopy is an electrochemical technique that can be used to understand 
the resistance of a fuel cell to the flow of electrons.  In this technique, a small sinusoidal 
potential excitation is applied to the fuel cell at varied frequencies while monitoring the 
current response [4].  The excitation signal can be described mathematically by equation 
2.1, where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial 
frequency.  The radial frequency is related to the frequency (f) using equation 2.2.  When 
the potential frequency is applied to the system, the response in the current can be 
described by equation 2.3, where It is the current at time t, I0 is the amplitude of the 
current response, and   is the shift in phase.  The impedance of the system (Z) can then 
be described using equation 2.4 and by using Euler's relationship Z can be expressed as 
the complex function shown in equation 2.5. 
                (2.1) 
          (2.2) 
                  (2.3) 
  
  
  
 
         
           
   
       
         
  (2.4) 
  
 
 
                           (2.5) 
 
When the real and imaginary components of Z are plotted on the x and y axis, 
respectively, the result is a Nyquist plot like the one shown in Figure 2.5.  In these plots, 
each frequency tested is represented by a single data point.  Although the excitation 
frequency is not shown in this type of plot, the excitation frequency decreases from left to 
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right on the plot.  In this work, the frequency was varied from 100 kHz to 0.1 Hz.  The 
total impedance of the system can be described by a vector from the origin to the data, 
where   is the angle between the vector and the x axis.  These plots are very useful 
because the impedances due to the electrolyte and the electrodes can be easily identified 
by the points where the data crosses the x axis, as shown in Figure 2.5. 
To interpret impedance data, it is useful to make an equivalent circuit model such 
as the one used in this work, which is shown in Figure 2.6. Although there are many 
different equivalent circuits that can be used to model SOFCs, this simple model which 
has been adapted from the model used by Leng et al. fits the system well [5].  In this 
model R0 represents an ohmic resistance in the system, which is not affected by the 
frequency of the excitation.  The three parallel circuits represent an impedance due to the 
electrodes, each with a different characteristic frequency.  At high frequency, the CPE 
elements have very little impedance, and therefore the total resistance is due to R0 which 
is mainly due to the electrolyte (R0≈RElec) and has no imaginary part.  As the frequency 
decreases, the impedance of the CPEs increase and current flows through both the CPE 
and the resistor, creating a semi-circular plot as shown in Figure 2.5.  At very low 
frequencies, the CPEs act as infinite resistors, and all of the current flows through R1, R2, 
and R3, which represent the total polarization resistance of the system. 
  
40 
 
 
 
 
 
 
 
Figure 2.5: Nyquist Plot  
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Symbol Name Impedance 
R Ohmic Resistor R 
L Inductor jωL 
C Capacitor       
CPE Constant Phase Element 
 
       
  
 
 
 
 
Figure 2.6: Equivalent circuit model commonly used for SOFCs with a table of 
common circuit elements and their calculated impedance 
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Although modeling using equivalent circuits can provide numerical values for the 
elements in Figure 2.6, providing physical interpretations for those impedances (beyond 
R0) is very difficult on SOFCs with thin film electrolytes.  This is due to the fact that 
placing a reliable reference electrode in the system is nearly impossible, and therefore the 
polarization resistances cannot be attributed to either electrode with any certainty [6].  In 
this study we have not attempted to include a reference electrode and therefore we have 
limited our discussion to the total ohmic and polarization resistances.   
2.5 Gas Chromatography 
In the OCM studies included in this dissertation, gas chromatography was used to 
determine the type and quantity of chemicals present in the effluent gas.  In gas 
chromatography, a small amount of the effluent sample is injected into a column along 
with a carrier gas (Ar or He).  The sample interacts with the column, adsorbing to the 
solid surfaces.  The components of the sample then migrate through the column at 
different velocities depending on the strength of their interaction with the solid phase, 
which causes the components to exit the column at different times [7].  This process can 
be further facilitated by heating the column if necessary.  As the components of the 
sample exit the column, they are sent to a detector. 
The detectors used in the OCM studies were thermal conductivity detectors 
(TCD) and a flame ionization detector (FID).  In the TCDs the detector measures the 
change in resistance of a heated filament as the eluted gas passes over it.  The change in 
the resistance is caused by a change in temperature of the filament due to the difference 
in the thermal conductivity of the sample compared to the carrier gas [7].  In the FID, the 
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eluted gas is injected into a flame produced from combusting hydrogen and air.  Within 
the flame, the carbon components combust creating CHO
+
 and H3O
+
 ions.  The ions are 
collected by a detector, causing a current to flow which is proportional to the amount of 
C in the sample [7].     
The gas chromatography system used to collect the data included in this 
dissertation was a Varian CP-3800 Natural Gas Analyzer.  This GC has three sample 
loops.  The first uses argon as a carrier gas and detects hydrogen and helium using a 
TCD. The second uses helium as a carrier gas and detects N2, O2, Ar, CH4, CO, CO2, 
Ethylene, Acetylene, and Ethane using a TCD.  The final loop has an FID and detects all 
combustible carbon species.  All of the columns are contained within the same furnace 
which ws held at 318 K for the first 10.5 minutes of the program, then increases to 473 K 
at 40 K/min.  Each of the sample loops was calibrated using gases with certified 
compositions provided by Scotty Gases and Metro Welding Supply.   
2.6 Reactor Models 
In order to understand the effect of the reaction design on the yield of the desired 
products in an OCM reactor, a reactor model was built based on the kinetic model 
developed by Stansch et al [8].  In the kinetic model, Hougen-Watson type rate equations 
were used for the oxidation reactions to account for the inhibiting effect of oxygen and 
carbon dioxide on the catalyst and power-law rate equations were used for the rates of 
thermal dehydrogenation, steam reforming of ethylene, and the water gas shift reactions 
[8].  These reaction rates were combined with a mole balance for each chemical species 
and solved by a differential equation solver (ode15s in MATLAB) [9].  A plug flow 
packed bed reactor and a plug flow membrane reactor were modeled using the same code 
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with the exception of how oxygen was added to the reactor. The packed bed reactor 
model had an initial concentration of oxygen, whereas the flux of oxygen (JO2) into the 
membrane reactor was calculated using equation 2.6.  In this equation, the rate constant, 
k, and n were calculated from empirical data and P'' and P' are the oxygen partial 
pressures of the reaction side and the air side, respectively  [10].   
           
   
     
   
     (2.6) 
2.7 Ex-situ Sample Characterization 
2.7.1 Scanning Electron Microscopy 
Images of the catalysts and reactors were taken using the secondary electron 
detector in a scanning electron microscope (SEM).  In this technique, an electron gun 
generates electrons and accelerates them to 0.1-30 keV.  The electron beam scans across 
the surface of the sample and the secondary electrons that reflect off the surface are 
collected by the detector [11].  The change in the signal from point to point is used to 
create the contrast in the image.  The contrast in the image is therefore dependant on both 
the topography of the sample as well as its electrical conductivity.  
The scanning electron microscopy (SEM) images included in this dissertation 
were collected using a Philips XL30 Scanning Electron Microscope using a working 
distance of 10 µm.  The highest resolution of this microscope is a few nanometers at the 
highest accelerating voltage, however, most of the images herein were collected at an 
accelerating voltage of 10 keV.  Higher accelerating voltages caused damage to the 
samples, particularly when imaging carbonaceous materials.   
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2.7.2 Energy Dispersive Spectroscopy 
In addition to collecting images in the SEM, energy dispersive spectroscopy 
(EDS) was performed on many of the samples.  In this technique, shown in Figure 2.7, an 
electron from the beam ejects a core electron from an inner orbital of an atom in the 
sample.  When an electron from an outer orbital relaxes to fill the hole, a characteristic X-
ray is released to balance the energy of the system [12].  The X-rays from the sample are 
collected in a detector and their energies are analyzed to determine the elemental 
composition of the sample.  The data from this technique can be reported in a spectrum, 
which records the overall composition of an area, or it can be reported point by point in a 
line or a map.  This technique is valuable for understanding the overall composition of a 
sample, however the overall resolution is only good to about 1 µm in the x, y, and z 
directions and it is not useful for understanding the composition of the surface of a 
sample [12].  
2.7.3 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was used in this work to determine the 
elemental composition of the outer 1-10 nm of catalyst surfaces.  In this technique, X-
rays are directed at the sample, which cause core level electrons to be ejected from the 
atoms at the surface [13]. The electrons are collected by a detector, as shown in Figure 
2.8.  The binding energy of each electron is calculated from the kinetic energy of the 
electron and the photon energy of the X-rays.  The binding energy can be used to 
determine what elements are present, and the quantity of electrons at each binding energy 
can then be used to determine the elemental composition of the surface [13].   
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The XPS system used in this study was a Kratos Axis Ultra XPS with a 
monochromated alumina Kα source operating at 8 mA and 14 kV.  In all experiments, the 
charge neutralizer was used to prevent charging of the samples, and the carbon 1s peak at 
284 eV was used to detect any shifting of the spectrum.  The baseline for each spectrum 
was calculated using the Shirley algorithm, and peaks were fit and quantified using 
CasaXPS software.    
2.7.4 X-Ray Diffraction 
X-ray diffraction (XRD) was used in this work to determine the crystalline phases present 
in both fresh and used catalyst samples.  In this technique, an X-ray beam is directed at a 
powder in a holder sample as the holder is rotated about an axis.  When the X-rays reach 
the sample they can either transmit through the sample or be elastically scattered by 
atoms in the sample [14].  In general, the X-rays scatter in many different directions, and 
most of the signal is destroyed by destructive interference.  However, for crystalline 
samples, certain angles satisfy Bragg's Law, equation 2.7. These signals add 
constructively and are picked up by the detector [14]. In Bragg's Law, d is the spacing 
between the atoms in the crystal, θ is the incident angle of the X-rays, n is any integer, 
and λ is the wavelength of the X-rays in the beam.   
              (2.7) 
The spectrum collected in an XRD experiment shows the intensity of the signal as 
a function of 2θ.  The peaks in the spectrum give information about the location of the 
atoms in the sample, and therefore about the crystal structure. In this work, X-ray 
diffraction (XRD) was performed using a Rigaku MiniFlex spectrometer.  This 
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instrument uses a Cu Kα X-ray source with a graphite monochromator. Data was 
acquired at a tube voltage and current of 40 kV and 15 mA.  XRD patterns were collected 
with a continuous sweep from 2ϴ of 20-80 at a rate of 2 2ϴ/min and phases were 
identified using the assistance of Jade software. 
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Figure 2.7: Diagram of EDS X-ray generation and collection. 1) An incoming electron 
strikes an atom. 2) The incoming electron and a core electron from an inner orbital are 
scattered. 3) An outer orbital electron relaxes to fill the hole. 4) An X-ray is released and 
collected by the detector 
 
 
 
Figure 2.8: Diagram of XPS photoelectron generation and collection 
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Chapter 3 
Direct electrochemical oxidation of ethanol on SOFCs: improved carbon tolerance 
of Ni anode by alloying
1
 
3.1 Summary 
Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical 
energy in fuels into electrical energy through an electrochemical oxidation process.    
This technology is attractive since SOFCs can in principle utilize a range of combustible 
fuels including hydrogen, carbon monoxide, and hydrocarbons offering higher 
efficiencies than conventional electricity generators with limited emission of a number of 
common air pollutants such as NOx and SOx. The environmental efficiency of SOFC 
devices can further be improved by utilizing fuels that are more carbon-neutral (e.g., 
biofuels such as ethanol) than conventional fossil fuels.  One of the problems with 
employing oxygenated liquid biofuels is that conventional Ni anode electro-catalysts 
deactivate due to carbon deposition on the surface of the anode during the process of 
electocatalytic fuel oxidation. In this chapter, the stability of Ni SOFC anode 
electrocatalysts during electrochemical oxidation of ethanol is significantly improved 
when a small amount of Sn is introduced in the electrocatalyst design. The improvement 
in the stability is manifested in a more stable operation and higher kinetic currents of 
Sn/Ni compared to Ni electrodes under identical conditions with ethanol fuel. We discuss 
                                                          
1
 The data included in this chapter has been included in the following publication:  
Farrell, B., Linic, S. Direct electrochemical oxidation of ethanol on SOFCs: improved carbon tolerance of Ni 
anode by alloying. Applied Catalysis B: Environmental.  Accepted. 
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the underlying molecular mechanisms responsible for the enhanced stability of the 
anodes and propose a number of guiding principles for the design of carbon-tolerant 
anodes for oxidation of oxygenated hydrocarbons.  
3.2 Introduction 
Solid oxide fuel cells (SOFCs) are electrochemical devices that convert the 
chemical energy in fuels into electrical energy through an electrochemical oxidation 
process.    SOFCs operate at temperatures ranging from ~ 800 to 1300 K. This technology 
is attractive since SOFCs can in principle utilize a range of combustible fuels including 
hydrogen, carbon monoxide, hydrocarbons, and oxygenated hydrocarbons, offering 
higher efficiencies than conventional electricity generators [1,2] with little to no emission 
of air pollutants [3] such as NOx, and  SOx.  Although SOFCs still emit CO2 when 
operating on hydrocarbon fuels, the CO2 effluent is physically separated from the air side 
of the fuel cell, and it must only be separated from water and excess fuel [4,5].  This ease 
of separation makes the technology compatible with the process of CO2 capture and 
sequestration.  The carbon footprint of SOFC devices can also be lowered by utilizing 
fuels that are more carbon-neutral (e.g., biofuels) than conventional fossil fuels.  When 
made from biomass, fuels such as ethanol and butanol have greenhouse gas reductions of 
up to 60% compared to petroleum-based fuels [6,7].  These fuels are liquid at standard 
conditions and therefore also have additional benefits over gaseous fuels including high 
specific energy density and ease of storage and transport. 
SOFCs can in principle directly utilize hydrocarbon and oxygenated hydrocarbon 
fuels, including ethanol and butanol which can be produced from biomass, without any 
pre-reforming of the fuel.  While the direct operation simplifies the design of the SOFC 
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system, it has been demonstrated that the stability of these cells is compromised due to 
high rates of carbon deposition on the conventional anode electrocatalysts, which contain 
nanometer to micrometer sized particles of Ni [1,8–13].  The carbon deposits take the 
form of graphitic carbon or carbon filaments. These deposits eventually physically 
degrade the structure of the Ni anode [14–16].  It has been reported that carbon 
deposition is even more dramatic for oxygenated hydrocarbons compared to alkanes. It 
has been argued that oxygenated fuels undergo gas phase pyrolysis at temperatures 
relevant to operating SOFCs [17,18].  During the pyrolysis process many different 
compounds are formed, including acetylene and ethylene which are very potent in 
forming carbon deposits on the surface of the anode [18,19].   
Several strategies can be employed to inhibit the formation of carbon deposits on 
SOFC anodes.  One strategy is to add a pre-reformer which converts hydrocarbon fuels to 
carbon monoxide and hydrogen, which are then used as the fuel for SOFC [20,21].  These 
additions add complexity to the fuel cell system.  Furthermore, an incomplete reformation 
of the fuel can lead to the leakage of hydrocarbon fuel to the cell and carbon-induced 
degradation of the cell. Another strategy is to add an oxidant, such as water or air, to the 
fuel to decrease the carbon to oxygen ratio on the anode and in doing so avoid operation 
at the conditions where carbon deposition is thermodynamically favored [19,22,23].  The 
problem with this approach is that in fuel cell systems it is often the kinetics of the carbon 
forming and degrading reactions that governs the stability, and carbon-induced anode 
deactivation has been observed even in systems where solid carbon is not the most 
thermodynamically favorable product [9].   Another issue with adding oxidants to the fuel 
is that it decreases the efficiency of the device by lowering the open circuit potential of 
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the fuel cell. Furthermore,  it has also been reported that water vapor can lead to sintering 
of the nickel in the anode lowering the rate of current generation (and therefore the power 
output) and decreasing the stability of the Ni anode [1].    A third strategy is to change the 
catalyst in the anode from Ni to a material that is less prone to carbon-induced 
deactivation.  One approach is to utilize a composite containing Cu and CeO2. It has been 
proposed that in these systems Cu functions as the electron conducting phase, while CeO2 
is the main catalyst for the conversion of hydrocarbons [8].  These systems show lower 
carbon deposit formation rates compared to the Ni anodes; however, they operate at 
lower temperatures which are required to prevent melting and sintering of the copper 
phase.  Operating at lower temperatures offers some benefits since there are a larger 
number of the balance of plant materials that are stable under lower temperature 
conditions.  However, the lower temperature operation decreases the reaction rates on the 
anode and the cathode sides as well as the flux of O
2-
 through the electrolyte.  Another 
approach relies on the synthesis of Ni alloy electro-catalysts that exhibit physical 
properties similar to monometallic Ni while exhibiting improved carbon tolerance. For 
example, we have previously shown that the addition of a small amount of Sn to Ni 
anode catalysts creates a Sn/Ni surface alloy which showed improved tolerance to the 
carbon-induced deactivation with methane and isooctane fuels compared to fuel cells 
with monometallic Ni anodes [14,24,25].  These results have been supported by recent 
reports by Yoon and Kan and their respective coworkers [26,27]. 
In this chapter, we show that Ni electro-catalysts doped with a small amount of Sn 
(nominally 1% with respect to Ni) also show improved tolerance in electro-catalytic 
oxidation of oxygenated hydrocarbons (e.g., ethanol) compared to monometallic Ni 
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anodes.  Our conclusions are based on experimental observations that Sn doped Ni/YSZ 
anode fuel cells show less physical damage, less carbon deposition in the anode, and 
more stable electrochemical performance over time when compared to monometallic Ni 
anode fuel cells in electro-catalytic oxidation of ethanol. We note that oxygenated 
hydrocarbons such as ethanol are readily produced from biomass. In addition to reporting 
our experimental findings our results shed some light on the design principles that should 
guide the development of carbon-resistant SOFC anodes.  
3.3 Experimental 
3.3.1 Electrochemical Measurements 
Fuel cells used in this study were anode supported button cells with cathode areas 
of ~ 0.15 cm
2
.  The fuel cells were attached through the anode side directly onto the end 
of an alumina tube using alumina paste (Ceramabond 552), and fuel was fed via an inner 
tube perpendicular to the anode surface at atmospheric pressure.  Gases were fed using 
either mass flow controllers or rotometers, and liquid fuels were fed using a bubbler at 
room temperature entrained by argon.  Feed lines were heated to at least 373 K to avoid 
condensation of liquid fuels. The fuel cell cathode on the opposite side was open to the 
atmosphere.    Electrochemical measurements were performed using a PARSTAT 2273 
(Princeton Applied Research) and included linear sweep voltammetry, electrochemical 
impedance spectroscopy, and constant voltage stability tests. 
3.3.2 Catalyst Characterization 
3.3.2.1 Scanning Electron Microscopy 
Electron micrographs were obtained using a Philips XL30FEG scanning electron 
microscope (SEM) which has a resolution of a few nanometers.  We performed elemental 
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analysis on the samples using a Si-Li solid state x-ray detector attached to this 
microscope which provided energy dispersive x-ray spectroscopy (EDS) data.  Both the 
images and EDS data were collected with an accelerating voltage of 10 kV and a working 
distance of 10 mm.  In all SEM experiments, the anode pellets were fractured down the 
middle of the cathode in order to obtain cross sections of the active fuel cell area.   
3.3.2.2 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) data was taken using a Kratos Axis Ultra 
XPS with a monochromated alumina Kα source operating at 8 mA and 14 kV.  
Experiments were performed on fuel cell anode catalysts to determine the relative 
concentration of Sn and Ni in fresh and used materials.  In all experiments, the charge 
neutralizer was used to prevent charging of the samples, and the carbon 1s peak at 284 
eV was used to detect any shifting of the spectrum.  The baseline for each spectrum was 
calculated using the Shirley algorithm, and peaks were fit and quantified for Ni, NiO and 
Sn using CasaXPS software. 
3.3.3 Synthesis 
Figure 3.1 shows an SEM image of the cross section of a typical fuel cell, EDS 
mapping of the fuel cell anode, and the experimental setup used in this study.  The planar 
fuel cell pellets were fabricated using yttria stabilized zirconia (YSZ) (8%, Tosoh), nickel 
oxide (NiO) (Alfa Aesar), and graphite (300 mesh, Alfa Aesar) powders in a weight ratio 
of 1:1:0.6. The powders were combined and ball-milled in de-ionized water for 24 hours, 
and the resulting slurry was then dried and sifted.  The powder was then pressed into 15 
mm diameter pellets with a thickness of about 1 mm.  The pellets were pre-fired at 1273 
K for 4 hours (2 K/min) to remove the carbon pore former. Solutions of SnCl2*2H2O in 
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ethanol were added to the NiO/YSZ pellets using the incipient wetness technique to 
synthesize Sn/Ni anodes with a nominal Ni:Sn metal ratio of 100:1.  The YSZ electrolyte 
was added drop wise to the surface of the pellets, suspended in a solution of ethanol and 
Ethocel-300 (Dow Chemical) and sintered at 1723K for 4 hours (1 K/min).  The process 
resulted in the formation of the anode and electrolyte layers shown in Figure 3.1a.  The 
electrolyte layer of the fuel cells was 15-20 μm thick, while the anode layers were 
typically about 500 μm thick consisting of a mixture of irregularly shaped NiO (or 
NiO/Sn for the alloys) and YSZ particles which range from approximately 0.5 μm to 5 
μm in diameter according to SEM images and EDS mapping shown in Figure 3.1b.  Two 
layers of cathode material were painted on the surface of the YSZ electrolyte in two steps 
using slurries ball-milled in ethanol for 24 hours.  The first layer had a weight ratio of 1:1 
YSZ and lanthanum strontium manganite (LSM) (La0.8Sr0.2Mn0.98, Praxair), and the 
second layer had a weight ratio of 0.25:1 graphite:LSM.  The layers were sintered at 673 
K and 1423 K for 2 hours, respectively (2 K/min) creating a cathode layer about 50 μm 
thick.  Gold mesh current collectors were secured to the cathode side using silver paste 
(Alfa Aesar), however gold mesh was not used on the anode side. Two gold wires were 
secured to each electrode using silver paste.  The cells were secured to an alumina tube 
using alumina paste (Ceramabond 552) and placed in a furnace as shown in Figure 3.1c.  
After curing the alumina paste, the temperature was ramped 0.8 K/min to 973 K in air, 
the system purged with Ar, and switched to hydrogen to reduce the NiO in the anode for 
16 hours.  The cathode was left open to stagnant air during this process.   The 
temperature was then brought up to the final fuel cell operating temperature. 
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Figure 3.1: a) SEM image of the cross-section of the electrolyte of a fuel cell used in this 
study b) Energy dispersive spectroscopy of the anode structure showing areas of nickel 
and zirconia b) Diagram of the electrochemical testing setup. 
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3.4 Results 
3.4.1 Electrochemical Testing 
Figure 3.2 shows I-V and power curve data for monometallic Ni and 1%Sn/Ni cells 
after 10 minutes and 18-20 hours operation on ethanol.  In all experiments, fuel cells 
were first run on hydrogen at 120 sccm and a constant voltage of 0.6 V (voltage 
difference between anode and cathode) for 4-6 hours. During this time, current density 
typically increased due to the activation of the cathode layer [28]. This operation on 
hydrogen allowed us to establish baseline activity for the fuel cell and to stabilize the cell 
operation.   After this initial period, the fuel was switched from H2 to 30 sccm argon 
bubbled through ethanol at room temperature (296 K). These conditions yield an ethanol 
vapor flow of approximately 2.2 sccm.  The reported I-V curves and power data were 
taken by taking the cell to the open circuit voltage (OCV) and stepping down in voltage 
by 20 mV increments every 10 seconds from the OCV to 0.1 V.  In all fuel cells, the 
initial OCV on hydrogen was between 1.05 and 1.08 V, which is close to the value 
predicted by the Nernst equation (~1.1 V).  When the fuel was switched to ethanol, the 
OCV decreased to 1.01-1.03 V.  This decrease was expected, because the theoretical 
OCV for the conditions of our system was ~1.04 V.  
Figure 3.2a shows I-V and power curve data for a monometallic Ni cell. The data 
suggests ethanol-induced changes in the performance of the cell over time.  There are 
three observable differences in the data collected after 10 minutes and 18 hours of 
operation: (i) at high voltages, close to the equilibrium voltage, a lower current is 
measured on the Ni cell operated for 18 hours compared to the same cell operated for 10 
minutes. This change in the I-V characteristics suggests ethanol-induced polarization 
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losses, (ii) at the intermediate voltages (0.8 V-0.5 V), the slope of the I-V curve is smaller 
for the cell operated for 18 hours compared to the same cell operated for 10 minutes, 
suggesting that the ohmic losses are smaller for the cell operated for longer time on 
ethanol, (iii) at low voltage, the cell operated for 18 hours exhibits higher losses than the 
same cell operated for 10 minutes suggesting lower fuel mass transport rates after 
exposure to ethanol.  All the observed changes in the I-V characteristics of the Ni cell can 
be explained by buildup of carbon deposits within the Ni anode. Carbon buildup lowers 
the concentration of active centers on Ni electrodes (thereby lowering the kinetic current 
measured at high voltage), improves the electronic contacts between neighboring Ni 
particles (therefore lowering ohmic resistance) [29], and lowers the rates of mass 
transport of the reactants by decreasing the porosity of the anode assembly.  Figure 3.2b 
shows the data for the 1%Sn/Ni cell operated under identical conditions as the Ni cell 
using ethanol fuel. The data show no significant changes in the performance of the cell 
over the 20 hours of ethanol operation.   
Figure 3.3 shows I-V and power curve data collected for the similar monometallic Ni 
and 1%Sn/Ni cells while operating on hydrogen before and after exposure to ethanol, 
along with a control experiment where a monometallic Ni cell was operated only with 
hydrogen (this cell was never exposed to ethanol).  Figure 3.3a shows the I-V and power 
data from the control experiment where only hydrogen was used. The data show very 
little difference for data sets taken after 8 and 28 hours of operation on hydrogen, 
suggesting that the fuel cell is stable over this period of time.  Figure 3.3b shows the I-V 
and power data for a monometallic Ni cell operated on hydrogen after the cell was 
exposed to 6 hrs of steady hydrogen operation (circles) and after an additional 18 hours 
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of ethanol operation (triangles).  The ethanol-induced changes in the hydrogen I-V data 
include a decrease in the current at high voltages and an increase in current at 
intermediate voltages. These changes are consistent to those reported in Figure 3.2a, 
except that there are no significant changes at low voltage due to mass transport of the 
fuel.  This is likely because hydrogen was fed in higher concentration and at a higher 
flow rate than ethanol which allowed for higher rates of hydrogen diffusion through the 
porous anode network.  In addition, hydrogen is geometrically smaller than ethanol and 
its diffusion coefficient is inherently higher than that of ethanol. Figure 3.3c shows the I-
V and power data for a 1%Sn/Ni cell operated on hydrogen after the cell was exposed to 
4 hrs of steady hydrogen consumption (circles) and after an additional 20 hours of 
ethanol exposure.  In contrast to Figure 3.3b, the data in Figure 3.3c show that the 1% 
Sn/Ni cell is significantly more stable than the cell containing a monometallic Ni anode.  
To further analyze electrochemical characteristics of the cells containing Ni and 
Sn/Ni anodes, we preformed potentiostatic impedance spectroscopy measurements. 
Figure 3.4 shows Nyquist plots for the Ni cell operated only on hydrogen fuel as well as 
for the Ni and 1% Sn/Ni fuel cells operating on ethanol after 10 minutes and 18-20 hours 
of operation at 0.6 V.  The impedance measurements were collected at OCV with the 
voltage perturbation amplitude of 10 mV at frequencies ranging from 100 kHz to 100 
mHz.  In each Nyquist plot, there are two points where the data intercept the real axis (x 
axis).  One point is at high frequency and low Zreal. This high frequency resistance is 
associated with ohmic losses, and it is attributed mainly to the electrolyte and the 
conductivity of the electrodes.  The second x-axis intercept occurs at lower frequency and 
high Zreal.  The x axis distance between these two x-axis intercept points is commonly 
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referred to as the polarization resistance. It is attributed to polarization processes at the 
electrodes.  We note that because the cells are anode supported with very thin 
electrolytes, no attempt was made to include a reference electrode and the polarization 
resistance contributions from the anode and cathode cannot be rigorously distinguished.  
We note that we do not expect significantly different changes on the cathodes for 
different cells since all the cells were exposed to air at identical conditions. Therefore, 
most of the differences in the changes in the polarization behavior of our devices can be 
attributed to the cell-specific changes in the anodes.   
We first analyze the high frequency impedance (due to ohmic losses). We measure 
this impedance to be between 0.12 and 0.18 Ω*cm2 for all tested cells.  These values are 
consistent with the theoretical resistance of YSZ, which for the YSZ electrolyte thickness 
of 10-20 μm used in our experiments is predicted to be 0.08-0.16 Ω*cm2 at 1013 K. The 
ohmic resistance decreases slightly over time for all cells which may be due to sintering 
of the electrode particles which could increase the electrode conductivity and connection 
to the electrolyte.  We note that larger decreases in the ohmic resistance are seen for the 
monometallic Ni cell operating on ethanol where the resistance decreases by about 10-14 
% after exposure to ethanol, as opposed to only 0-5 % for the 1%Sn/Ni cell.  This is most 
likely due to the carbon-induced increase in the electron conductivity on the anode side.  
Similar observations were reported by McIntosh et al. who showed large decreases in the 
ohmic resistance of their cells after exposure to carbon fuels, which they attributed to 
carbon increasing the conductivity of the anode as well as connecting previously isolated 
sections of the catalyst [29].   
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Figure 3.2:  I-V (solid markers) and power density (open markers)  curves for fuel cells 
operated on 30 sccm Ar bubbled through ethanol at 296 K at 1013 K (a) monometallic Ni 
anode cell: circles are data collected after 10 min of operation on ethanol, triangles are 
data collected after 18 hr operation on ethanol at 0.6 V (b) 1%Sn/Ni anode cell: circles 
are data collected after 10 min of operation on ethanol, triangles are data collected after 
20 hr operation on ethanol at 0.6 V. 
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Figure 3.3: I-V (solid markers) and power density (open markers) curves for fuel cells 
operated on 120 sccm hydrogen at 1013 K (a) Ni cell operated only on hydrogen: circles 
are data collected after 8 hr at 0.6 V on hydrogen, triangles are data collected after 28 hr 
at 0.6 V on hydrogen. (b) Ni cell operated on hydrogen: circles are data collected after 6 
hr at 0.6 V on hydrogen, triangles are data collected after 18 hr at 0.6 V on ethanol. (c) 
1%Sn/Ni cell operated on hydrogen: circles are data collected after 4 hr at 0.6 V on 
hydrogen, triangles are data collected after 20 hr at 0.6 V on ethanol. 
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Figure 3.4: Impedance spectroscopy taken at OCV and 1013 K. (a) Ni cell operated on 
only hydrogen: circles are data collected after 4 hr at 0.6 V, triangles are data collected 
after 28 hr at 0.6 V (b) Ni cell operated on ethanol: circles are data collected after 10 min 
at 0.6 V, triangles are data collected after 18 hr at 0.6 V. (c) 1%Sn/Ni cell operated on 
ethanol: circles are data collected after 10 min at 0.6 V, triangles are data collected after 
20 hr at 0.6 V. 
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The data in Figure 3.4 also show changes in the polarization resistance over time.  
Figure 3.4a shows that the polarization resistance increased slightly over time for the 
monometallic Ni cells operated on hydrogen only. These increases are likely due to 
changes in the electrodes over time due to sintering on Ni particles, which causes a 
decrease in the catalytic surface area of the electrode.  Figure 3.4b shows that the 
polarization resistance also increases for the monometallic Ni cell operated on ethanol; 
however, this increase in the polarization resistance is much larger than the increase in 
Figure 3.4a for the Ni cell that operated on hydrogen.  The additional increase in the 
resistance is likely caused by carbon blocking active sites on the Ni anode surface.  
Figure 3.4c shows that contrary to Ni, the polarization resistance decreased in the 
1%Sn/Ni cell. This small decrease in the polarization resistance is likely caused by either 
a small loss or rearrangement of the Sn on the surface of the Ni. We have previously 
reported that while Sn aids the stability of the Ni electrodes, it also leads to a decrease in 
the inherent electrochemical activity of the Ni electro-catalysts. In Section 3.2 below we 
report XPS data which shows that some Sn has been lost from the surface of the anode 
particles after operation on ethanol fuel. We note that impedance spectroscopy 
measurements reported by Kan et al. on similar Sn/Ni systems in the electrochemical 
oxidation of alkanes showed a similar effect, and they also reported a small loss of Sn 
(~5%) from their system as measured by inductively coupled plasmon spectrometry 
(ICP) [27].  The lack of increase in the polarization resistance for the Sn/Ni anodes 
operated in ethanol is consistent with the observation that the rate of carbon deposition on 
the 1%Sn/Ni electrodes is significantly lower than on the Ni electrodes. 
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3.4.2 Ex-situ Anode Characterization 
In addition to electrochemical testing, physical and chemical changes occurring in 
the SOFC anodes were analyzed ex-situ, using x-ray photoelectron spectroscopy (XPS) 
and scanning electron microscopy (SEM). Figure 3.5 shows XPS data for the Ni 2p edge 
(Figure 3.5a) and the Sn 3d edge (Figure 3.5b) for three anode samples. As shown in the 
figure, the XPS data can be deconvoluted in terms of Ni, NiO, and Sn. The top spectra 
are data from a 1%Sn/Ni anode which was reduced in hydrogen at 973 K following the 
procedure identical to the one used before electrochemical testing. This anode was never 
operated as a fuel cell, and therefore is representative of the anode composition before 
exposure to ethanol.  The middle spectra are data from the 1%Sn/Ni anode operated on 
ethanol for 20 hours at 0.6 V and 1013 K, and the bottom spectra are data from the 
monometallic Ni anode that was operated on hydrogen at 0.6 V and 1013 K for 28 hours.  
The Ni 2p data show that all samples contained a mixture of Ni and NiO surface 
domains.  Sn 3d peaks were observed for the two 1%Sn/Ni anodes, however the Sn 3d3/2 
peak is partially obstructed by an intense Auger Na KLL peak (this is an impurity due to 
the sample and holder handling).  Further analysis of the XPS spectra aimed at 
quantifying the relative concentration of Sn and Ni at the surface of the electro-catalytic 
particles demonstrated that for the nominal, bulk Sn loading of 1 %, the surface 
concentration of Sn was approximately 3 % (this is the concentration detected by XPS). 
This enrichment of Sn at the surface has been observed before and it is a consequence of 
the thermodynamically preferred Sn enrichment at the surface layers of Ni particles[30]. 
The analysis also showed that the Sn content in the surface of the particles was depleted 
to 1.8% after operation on ethanol for 20 h.   
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Figure 3.5: XPS data and curve fitting for a) the Ni 2p edge and b) the Sn 3d edge 
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To further investigate the composition of the material, the used cells were 
fractured and the cross-sections were imaged using SEM with an EDS detector.  Figure 
3.6 shows SEM images and corresponding EDS maps of Ni and 1%Sn/Ni fuel cells 
obtained for the regions ~ 100 μm from the outer edge of the anode (~400 μm from the 
electrolyte).  Figure 3.6a shows an SEM image of a Ni/YSZ anode that has operated on 
hydrogen for 28 hours at 0.6 V. Figure 3.6b shows the corresponding EDS map.  These 
images provide a baseline to compare to the cells run on ethanol.  The Ni particles 
obtained after the cell was operated on hydrogen are smooth and the map shows only 
large areas occupied by Ni and Zr.  Figure 3.6c and 3.6d show the SEM image and EDS 
map for the Ni cell after operation on ethanol for 18 hours at 0.6 V.  The SEM image 
shows many regions where the Ni and YSZ particles appear rough and broken apart. 
These regions correspond to areas occupied by carbon in the EDS map.  Figure 3.6e and 
3.6f show images for the 1%Sn/Ni cell after operation on ethanol for 20 hours at 0.6 V.  
The SEM image shows mainly smooth particles, and the EDS map indicates only a few 
small areas of carbon buildup. 
Although the SEM images provide good visualization of the degradation and 
carbon deposition on the anode surface, SEM can only provide images of small areas 
which may not be representative of the overall anode structure.  Therefore, in addition to 
the imaging and mapping of the carbon deposits within the fuel cells, we have also used 
EDS to quantify where the carbon deposits are concentrated within the anode.  Figure 3.7 
shows the ratio of the C to Ni EDS signals (C/Ni peak ratio) obtained at several distances 
from the electrolyte for fuel cells operating at several different conditions. The C/Ni peak 
ratios were averaged over several points along the electrolyte to give a better indication 
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of the carbon deposition over a larger fuel cell area. Spectra were taken approximately 
every 50 μm along lines orthogonal to the electrolyte.  A fuel cell operated on only 
hydrogen is included with the data to indicate a baseline for comparison of C/Ni peak 
ratios of the other fuel cells. In the figure, a C/Ni peak ratio larger than the baseline 
indicates carbon deposition.  Overall, three major trends can be observed from Figure 3.7.  
First, carbon deposition is most severe at the outer edge of the anode, furthest from the 
electrolyte.  This is shown in Figure 3.7 as an increase in C/Ni peak ratios as distance 
from the electrolyte increases. This is not surprising since the outer edge of the anode is 
exposed to the highest carbon concentration from the fuel, and the lowest concentration 
of oxygen from the electrolyte, causing higher carbon deposition on the outer edge of the 
anode.   The second trend is that the operating voltage has a large effect on the carbon 
deposition on the anode surface. Figure 3.7 shows that after cell operation on ethanol at 
0.5 V for 18 hours, there is very little carbon detected. Similarly, even smaller amounts of 
carbon were detected in the 1%Sn/Ni cell after 18 hours of exposure to ethanol at 0.5 V.    
At 0.6 V, there is carbon detected at the outer edge of both the monometallic and 
1%Sn/Ni cells. This is also not surprising since a lower ΔV results in higher current 
which means that the rate of the transport of oxygen ions through the electrolyte is 
higher, indicating that effective O/C ratio is higher at lower ΔV. Finally, for all tested 
cells, the cells that employed the 1%Sn/Ni anodes exhibited less carbon deposition than 
the cell with monometallic Ni anodes operating at identical conditions.  This is most 
apparent in the data from the cells operated at 0.6 V, where the 1%Sn/Ni cell only has a 
relatively small amount of carbon detected at 50 μm from its outer edge.  In contrast, for 
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the Ni cell operating at similar conditions, carbon is detected 200 μm from the outer edge 
of the cell, with very large amounts of carbon near the outer edge.   
3.5 Discussion 
The data discussed above showed that the introduction of small amounts of Sn to 
Ni anode electro-catalysts enhances the stability of the anode to carbon-induced 
deactivation over a range of operating conditions when oxygenated hydrocarbons such as 
ethanol  are employed as fuels. This was demonstrated through the observations that after 
exposure to ethanol, the cells fabricated with monometallic Ni anodes showed decreased 
current densities at high voltages, and increased polarization resistance at OCV.  Both of 
these effects are likely due to carbon blocking of the active sites at the surface of the 
electro-catalyst particles. We have previously reported similar findings for the Ni-based 
anodes operating on methane and iso-octane [14].  These previous studies included a 
detailed characterization of the anode electro-catalysts which suggested  that Sn atoms 
preferentially segregate to the under-coordinated sites on the surface of Ni electro-
catalyst nanoparticles, eliminating nucleation sites for carbon growth [11,31].  
Furthermore, it was postulated that Sn atoms break up the ensembles of the surface Ni 
atoms that are required for the formation of extended carbon planar networks and 
filaments  [25,31].  Since the Ni and Sn/Ni anode electro-catalysts employed in this study 
are identical to those used previously, we postulate that the underlying molecular 
mechanisms associated with the observed extended lifetime of the Sn/Ni anode electro-
catalysts are identical, and that they include the Sn-induced changes in the carbon 
chemistry of Ni surfaces [14,24,25,30,31].  
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Figure 3.6: SEM images (top) with EDS maps (bottom) taken 100 μm from the outside of 
the anode showing Ni (green), Zr (yellow) and C (red) for (a, b) Ni anode fuel cell 
operated on only H2 for 28 hr(c, d) Ni anode fuel cell operated on ethanol at 0.6 V for 18 
hr (e, f) 1%Sn/Ni anode fuel cell operated on ethanol at 0.6 V for 20 hr. 
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Figure 3.7: EDS C/Ni peak ratios for fuel cells as a function of distance from the 
electrolyte.  The final measurement for each cell is taken 50 μm from the outer edge of 
the anode. 
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The studies above also shed light on a few critical guiding principles that need to 
be considered when designing SOFC systems that utilize hydrocarbons or bio-derived 
oxygenated hydrocarbons fuels. First, it has to be recognized that there are many 
chemical and electro-chemical reactions that are taking place in the anode compartment 
when these fuels are fed directly to the cell. The nature of these reactions and the regions 
of anode compartments where they are dominant are heavily influenced by the local 
oxygen (including O
2- 
ions) to fuel ratios. For example, at the three-phase-boundary 
(TPB), where electrolyte and anode electro-catalysts are in contact with each other, due 
to high activity of oxygen ions (which is the result of high transport rates through the 
electrolyte), deep and partial electrochemical oxidation reactions will dominate. These 
reactions are not the source of the formation of carbon deposits, as illustrated in Figure 
3.7. On the other hand in the regions away from the TPB, steam and dry reforming of the 
fuel that involve water and CO2 respectively take place. We note that water and CO2 are 
produced at the TPB boundary during the electrochemical oxidation process. These 
reforming reactions could result in the formation of carbon deposits. In addition, even 
further from the electrolyte where oxygen content is depleted even more, hydrocarbon 
pyrolysis reactions take place. For oxygenated hydrocarbons such as ethanol at the 
operating temperature of 1013 K, the process of pyrolysis results in the formation of CO, 
CO2, CH4, ethylene, ethane, and hydrogen.  While some of these compounds are 
excellent fuels for SOFCs, others are very potent in forming carbon deposits in the anode. 
For example, ethylene has been shown to rapidly build graphitic carbon deposits on Ni 
catalyst surfaces.[15]  This is supported by Figure 3.7 which shows that the extent of 
carbon deposition increases for the regions farther away from the electrolyte.  
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If the process of carbon deposition is to be limited, it is imperative to design 
anodes that operate with high oxygen to carbon ratios. Therefore, thin membranes that 
are excellent ion conductors are preferred. Furthermore, since the activity of oxygen is 
the highest at the TPB, it is important to increase the ratio of the TPB surface to the 
volume of the anode compartment.  Even if these design principles are embraced, there 
will be reforming and pyrolysis reactions taking place at the elevated SOFC operating 
temperatures. As discussed above, these reactions can lead to rapid degradation of 
conventional Ni anode electro-catalysts. In this case, significant reductions in the rates of 
formation of carbon deposits can be achieved by designing electro-catalysts, such as the 
above discussed Sn/Ni alloy, that have lower propensity to activate the formation of 
carbon deposits compared to monometallic Ni without significant reduction of the 
reaction rates. It is important to point out that even when these catalysts are employed, if 
the local oxygen to carbon ratio is exceedingly low (below the stoichiometric limit for the 
formation of CO), the carbon deposition cannot be prevented and the cell will eventually 
accumulate carbon and deactivate.  
3.6 Conclusions 
We have demonstrated in this chapter that carbon deposition catalyzed on 
monometallic Ni in the process of electrochemical oxidation of oxygenated hydrocarbon 
fuels (e.g. ethanol) can be decreased by Ni alloying with small amounts of Sn.  In SOFCs 
fabricated using monometallic Ni, carbon deposition resulted in physical and 
electrochemical changes to the Ni anode.  In contrast, Sn/Ni alloy anodes inhibited the 
formation of carbon-induced degradation catalyzed by Ni, resulting in smaller 
electrochemical changes over time and less carbon deposition.  Additionally, we have 
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shown that carbon deposition is affected by the location of the catalyst in the anode as 
well as the operating voltage, which are both factors that affect the local C/O ratio on the 
catalyst surface. Overall our results indicate that the catalyst surface chemistry and local 
C/O ratios are both important factors that must be considered in the design of fuel cell 
anode catalysts operating on oxygenated hydrocarbon fuels.   
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Chapter 4 
Oxidative Coupling of Methane to Ethane and Ethylene: Assessment of Membrane 
Reactors for Potential Increases in Yield and Selectivity of C2 Products 
 
4.1 Summary 
Despite large amounts of research performed on processes to convert methane 
directly to higher value fuels and chemicals, there are still no commercial scale processes 
that use these technologies due to the low single pass yield of products that can be 
obtained.  In this chapter, the process of oxidative coupling of methane (OCM) to ethane 
and ethylene (C2) is analyzed in order to determine how the single pass yield could be 
increased. A model was developed using kinetic data available in the literature and is 
used to demonstrate that a plug flow reactor system with distributed oxygen (a plug flow 
solid oxide membrane reactor) could substantially increase the C2 yield for this process 
over a packed bed reactor.   Additionally, the state of the art of solid oxide membrane 
reactors for oxidative coupling of methane is discussed along with potential 
improvements that could increase the oxygen flux, catalyst integration, and overall C2 
yield of solid oxide membrane reactors.     
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4.2 Introduction 
Over the last several decades, a large amount of research has focused on the direct 
conversion of methane to alcohols or higher hydrocarbons.  Although much of this 
research was conducted in the 1980's and 1990's, interest in these processes is currently 
increasing. The value proposition of such a process is compelling for several reasons.  
First, over the last decade, methane production has increased due to recovery of shale gas 
and tight oil [1,2], while at the same time, the price of methane rich natural gas has 
decreased compared to crude oil [3].  Furthermore, the current processes that convert 
methane to alcohols or olefins require the intermediate step of reforming methane to 
synthesis gas (CO and H2).  This step not only complicates the overall process, but it is 
also very expensive [2,4].  Finally, much of the natural gas that is recovered as a 
byproduct of oil recovery is considered "stranded", and because it cannot currently be 
utilized economically, it is combusted in flares releasing the greenhouse gas CO2 into the 
atmosphere [2].   
Although there are potentially financial and environmental incentives to convert 
methane directly to more valuable products, there is still yet to be a commercial scale 
chemical plant converting methane directly to methanol or olefins.  In this chapter, we 
have analyzed one of these processes, the oxidative coupling of methane, in order to 
determine where research should be focused to result in higher single pass yields of 
methane.      
Oxidative coupling of methane (OCM) has been researched extensively since the 
first reports in the early 1980’s by Keller and Bhasin and Hinsen and Baerns [5,6]. The 
proposed mechanism for this process involves the extraction of a hydrogen atom from a 
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methane molecule by oxygen on the surface of a metal oxide catalyst [7].  The remaining 
methyl radical (*CH3) is then released from the surface of the catalyst and couples with 
another methyl radical in the gas phase to form ethane [8].  The OH group on the catalyst 
surface then extracts another hydrogen atom from methane and desorbs from the surface 
as water.   
Since the initial reports of the process, several strategies have been used by 
researchers to find catalysts that would increase the yield of ethane and ethylene (C2 
products).  Many of the studies have focused on mixed metal oxide catalysts operating at 
temperatures between 943 and 1223 K [9].  As of 2011 more than 2800 papers, patents, 
and technical reports had been published on this type of catalyst [9].  In 2011, a statistical 
analysis of OCM data from over 400 publications was done by Zavyalova et al. which 
resulted in recommendations for elemental composition that would likely give high 
selectivity and yield [9].  In a follow up publication, many of their proposed catalysts 
were tested and they found that although the model based on their statistical analysis was 
moderately accurate at predicting the overall yield in a packed bed reactor, there was no 
catalyst found that was significantly better than those previously tested [10].  In addition 
to the metal oxide catalyst testing, there have also been reports using sulfur as an oxidant 
instead of oxygen to limit the thermodynamic driving force to undesired products [11] 
and studies demonstrating C-C coupling using liquid phase complexes operating at low 
temperatures [12].  Although these reports are scientifically interesting, the yield of C2 
products and the likelihood for commercialization are very low for these processes.   
Figure 4.1 shows the single pass methane conversion and C2 selectivity for 
published OCM catalysts with some of the highest C2 yields.  Dashed lines mark C2 
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yields of 20% and 30% on the graph for reference.   We note that all of the catalysts that 
show high yields of C2 products are mixed metal oxides with relatively complex 
formulas.  Figure 4.1 also shows a shaded area which represents the techno-economic 
targets for commercialization of OCM.  The techno-economic targets state that in order to 
be economically commercialized, single pass yield and selectivity need to be greater than 
30% (yield) and about 90% (selectivity) [13].   Although these techno-economic targets 
are highly cited in OCM literature, the targets were published in a 1989 report 
considering methane to olefins processes using un-diluted feed streams of methane and 
air, and different targets may be more applicable to current processes.  
The data in Figure 4.1 show that OCM catalysts can be operated at high 
selectivity and relatively low conversion or at high conversion with low selectivity.  This 
trend is due to formation of the undesired products CO and CO2 (COx) within the reactor.  
COx products are thermodynamically more favorable than the C2 products as shown in 
Figure 4.2a, where the ΔG of the COx products is lower than that of the C2 products at 
1073 K.  Figure 4.2b shows the equilibrium carbon product distributions at 1073 K for 
varied O2/CH4 ratios introduced into the reactor. At low O2/CH4 ratios, solid carbon 
makes up the largest fraction of the products.  As the O2/CH4 ratio increases, the favored 
product switches to CO and then CO2 at very high ratios of O2/CH4.  It is interesting to 
note that ethane and ethylene are never represented in the equilibrium product 
distribution, indicating that for high selectivity to ethane and ethylene, OCM reactors 
should be kept far from equilibrium.  It is suggested that the COx products can be formed 
either directly from methane and oxygen, or by the sequential oxidation of the C2 
products [14], as shown in Scheme 4.1.  A kinetic analysis of the reactions in the network 
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in Scheme 4.1, performed using a La2O3/CaO catalyst, illustrated that the reactions 
leading to COx products exhibited approximately 1
st
 order dependence on the partial 
pressure of O2, while the reactions leading to the desired C2 products showed ½ order 
dependence on O2  [14]. This kinetic information suggests that higher C2 selectivity 
should be achieved at relatively low partial pressures of oxygen. However, in a 
conventional plug flow packed bed reactor, high oxygen partial pressures are required for 
high methane conversion.  This, coupled with the strong thermodynamic driving force 
towards undesired reactions results in reactor systems that are unable to operate within 
the techno-economic target area. 
After considering the reaction network and kinetic data, it is clear that 
improvements in the catalyst alone will likely not significantly increase the yield of C2 
products produced by an OCM reactor.  Instead, the entire reactor system needs to be 
considered. From our analysis of the reaction network, the reaction will have the highest 
selectivity to C2 products when operated under the conditions of low mixing and low 
partial pressures of oxygen. Low mixing can be achieved when plug flow reactors are 
used, however low partial pressures of oxygen are more difficult to achieve while 
maintaining high conversion.  One strategy is to have multiple catalyst beds in series with 
the flow of oxygen divided across them. This technique has been effective at slightly 
increasing the yield of packed bed reactors [15].  Another strategy is to use a reactor 
where the methane and oxygen streams are kept separate, and a membrane material 
selectively allows oxygen flux (as O
2-
) from the oxygen side to the methane side along 
the entire length of the reactor (a plug flow membrane reactor) [16].    
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Figure 4.1: Published methane conversion and C2 selectivity data for metal oxide catalysts (all 
catalysts are oxides, however oxygen has been omitted in the formulas to save space).  Circles 
indicate that the reaction was performed in a packed bed reactor and diamonds indicate that the 
reaction was performed in a membrane reactor. Data from [15,17–30] 
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Figure 4.2: a) The change in Gibbs free energy for the reactions that can occur in an 
OCM reactor at 1073 K and 1 atm, where Cs is solid graphitic carbon b) Thermodynamic 
carbon product selectivity for a reactor at 1073 K with minimized Gibbs free energy as a 
function of the O2/CH4 ratio in the feed 
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Reaction 1:                    
Reaction 2:                         
Reaction 3:                    
Reaction 4:                
Reaction 5:                       
Reaction 6:                    
Reaction 7:              
Reaction 8:                     
Reaction 9:                  
Reaction 10:               
 
Scheme 4.1: OCM reaction network, reproduced from Stansch et al [14] 
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4.3 Reactor Models 
To determine the potential impact of using a plug flow membrane reactor on the 
conversion of methane and the selectivity and yield of C2 products, we created a plug 
flow reactor model in MatLab using the reaction network, rate equations, and kinetic 
parameters provided by Stansch et al. for a La2O3/CaO catalyst [14].  This was a 
relatively simple model which considers only the 10 reactions shown in Scheme 4.1, and 
it was not intended to be a universal kinetic model for all OCM catalysts.  However, it 
was useful to gain insights into which processes have the largest impact on the yield and 
selectivity in different types of reactors.  One version of the model was set up as a plug 
flow reactor with oxygen and methane flows set as initial conditions, and the other as a 
membrane reactor where the membrane tube is modeled as La0.6Sr0.4Co0.2Fe0.8O3-δ 
(LSCF). The equations and parameters describing the flux through the membrane are 
from Akin et al [31].    Table 4.1 shows the inputs for each model. 
Table 4.1: OCM Reactor model inputs. 
a 
Based on catalyst weight/density 
b
 Based on membrane 
reactor diameter of 6 mm 
c
 This parameter is listed as the “number of experiments” in the kinetic 
model but its value was not specified by Stansch et al. 
Parameter Packed Bed Reactor 
(plug flow) 
Membrane Reactor 
(plug flow) 
CH4/O2 4.26 4.26 
Reactor Temperature (K) 1073 1073 
Methane flow rate/catalyst mass 
(mol/(min*g)) 
0.0087 0.0087 
Reactor Volume (cm
3
) 0.06
a
 7.8
b
 
n 
c
 1 1 
Membrane Surface Area (cm
2
) N/A 50 
 
Figure 4.3 shows the molar flow rate of each component in mmol/sec as a 
function of the catalyst surface area in the packed bed plug flow reactor model and in the 
90 
 
membrane plug flow reactor model.  The results from the packed bed reactor model 
showed a C2 selectivity of 57%, a methane conversion of 28%, and C2 yield of 16%.  
These results are reasonable compared to the experimental data available for a similar 
La2O3/CaO catalyst with C2+ selectivity of 47.2%, CH4 conversion of 34.0%, and C2+ 
yield of 16.0% at 1113 K [32].  The results from the membrane reactor model showed a 
C2 selectivity of 85%, a C2 conversion of 45%, and a C2 yield of 38%.  Therefore, the 
membrane reactor model predicted significantly higher selectivity and yield of C2 
products.  It is also interesting to note that the conversion of methane in the membrane 
reactor is higher than in the packed bed reactor.  This is due to the fact that the C2 
products require less oxygen consumption than the unselective COx products.  The results 
for the membrane reactor are promising in terms of the yield and selectivity to C2 
products, however it is important to note that the membrane reactor requires a much 
larger volume due to the membrane surface area that is required for oxygen flux into the 
reactor. This will not only impact the overall cost of the reactor, but the gas phase 
reactions will also likely be more significant.   
4.4 Sensitivity Analysis 
To further understand the influence of the reaction steps on the C2 yield and 
selectivity, we performed a sensitivity analysis on the reaction network.  For each 
reaction in the network, a sensitivity coefficient (Si) was calculated using equation 4.1, 
where ZC2 is the overall yield or selectivity to C2 products, and ki is the rate constant for 
the reaction [33]:  
    
    
   
 
  
 
  
   
     
    
   
 
  
  
  
   
  (4.1) 
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Figure 4.3: Molar flow rate of each reactant and product within a packed bed plug flow reactor 
(top) and a membrane plug flow reactor (bottom).  
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Figure 4.4 shows the sensitivity coefficients for each reaction in the reaction 
network of Scheme 1 as well as for the oxygen flux in the membrane reactor.  For these 
calculations, δki was 0.1% of the original published value.  A positive sensitivity 
coefficient indicates that the change in yield or selectivity (δZC2) has the same sign as δki 
(e.g. the yield increases as ki increases), whereas a negative sensitivity coefficient 
indicates that δZC2 has the opposite sign as δki.  For the packed bed reactor the sensitivity 
coefficients for the yield indicate that the C2 yield is most dependent on the rate of ethane 
production, followed by the rate of the oxidation of ethane to ethylene, and finally the 
rate of direct conversion of methane to COx products. The sensitivity coefficients for the 
selectivity in the packed bed reactor have the same sign as the sensitivity coefficients for 
the yield, indicating that the changes in yield correspond to the changes in the selectivity.  
On the other hand, for the membrane reactor, the C2 yield is most dependent on the rate 
of the oxygen flux into the reactor, followed by the rate of ethane production, and finally 
the rate of ethylene oxidation.  The sensitivity coefficients for the C2 selectivity in the 
membrane reactor also have the same sign as the sensitivity coefficients for the yield, 
except for the oxygen flux, where the sensitivity coefficients for the selectivity and yield 
have opposite signs.  This indicates that the increase in yield due to the higher oxygen 
flux is due to an increase in the conversion. 
Overall, the sensitivity coefficients indicate that beyond ethane formation from 
the oxidative coupling reaction, the packed bed and membrane reactors have different 
critical reactions and thus their catalysts should be optimized differently.  For the packed 
bed reactor, the rate of direct conversion of methane to COx is significant, and ethylene 
that is formed is quickly consumed by sequential reactions. To increase the yield, the 
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oxidative coupling reaction to form ethane should be accelerated, while the direct 
formation of COx products and the production of ethylene should be suppressed as much 
as possible.  For the membrane reactor, the critical steps are the rate of oxygen into the 
reactor and oxidation of ethylene.  To increase the yield, membranes with higher oxygen 
flux should be used and the catalyst should accelerate the oxidative coupling reaction to 
form ethane and suppress the oxidation of ethylene.   Of course, in reality it is difficult to 
change rate constants independently on the same catalyst; however, increasing the 
oxygen flux may be a realistic goal.   
The analysis presented on the reactors using a kinetic model indicates that 
membrane reactors can theoretically offer higher selectivity to C2 products and higher 
conversion of methane leading to higher C2 yields; however, data for membrane reactors 
in Figure 4.1 indicates that the yields of C2 products for this type of reactor are not 
substantially higher than the best performing packed bed reactors.  Although this seems 
discouraging, this may be due to the fact that there are relatively few reports of OCM 
membrane reactors, and only a small number of membranes and catalysts have been 
tested.  Therefore, more research is needed to determine the full potential of this 
technology.   
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Figure 4.4: Sensitivity coefficients for the yield and selectivity of C2 products for packed bed and 
membrane plug flow reactors 
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4.5 Solid Oxide Membrane Reactors 
It is well established that high temperature membrane reactors using solid oxide 
materials can transport oxygen as O
2-
 through oxygen vacancies in the solid oxide lattices 
[34].  However, limits on oxygen flux across the membrane result in either large 
membrane surface areas or limited methane conversion. In order for oxygen to move 
from one side of the membrane to the other several processes must occur.  1) Oxygen 
dissociates and combines with electrons on the air side catalyst surface to form O
2-
.  2) 
O
2-
 is transported through oxygen vacancies in the air side catalyst to the membrane. 3) 
O
2-
 is transported through the oxygen vacancies in the membrane to the methane side. 4) 
O
2-
 is transferred to the methane side catalyst where it reacts with methane. 5) Electrons 
are returned to the air side catalyst.    The last step can occur in two different ways, 
depending on the type of membrane used.  There are two main types of membranes, those 
with ionic conductivity and those with mixed ionic and electronic conductivity (MIEC).  
Figure 4.5 shows the two basic types of membrane reactor and how they are operated; 1) 
a membrane reactor with an electronically and ionically conductive membrane and 
electron transfer directly through the membrane (Figure 4.5a), and 2) a membrane reactor 
with an ionically conductive membrane, electronically and ionically conductive catalyst 
on either side of the membrane, and an external circuit for electron transfer (Figure 4.5b).  
In both types of membrane reactor, the O
2-
 flux is dependent on the temperature, oxygen 
partial pressure difference across the membrane, membrane thickness, and the difference 
in the potential across the membrane (for reactors including an external circuit). The 
increases in O
2-
 flux due to increased temperature and partial pressure of oxygen across 
the membrane have been well documented by many researchers [31]; however, the effect 
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of the membrane thickness and the effect of controlling the flux by changing the potential 
across the membrane have not been well studied for OCM.   
The membrane reactors recently fabricated and tested for OCM have been 
membrane supported, where the membrane itself provides the structure for the reactor.  
These membranes have a thickness of ~200 μm or more in most cases. However, solid 
oxide membranes supported by porous structures can be much thinner.  Membrane 
thicknesses of 10-50 μm can be relatively easily fabricated, and it has been found that 
thinner membranes decrease the resistance across the membrane, increasing oxygen flux 
[35].  Similar techniques should be explored to increase oxygen flux in OCM membrane 
reactors.  
Another strategy to increase the flux in solid oxide membrane reactors is to use a 
membrane without electronic conductivity, and control the flux electrochemically using a 
system like the one in Figure 4.5b.  Although there have been studies which employed 
this technique for OCM, there have been many advances in solid oxide membrane reactor 
technology since their publication [16].   One advantage to this type of system is that 
membrane materials could be used that have higher ionic conductivity than MIEC 
materials but do not have electronic conductivity, such as lanthanum gallate doped with 
strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-δ or LSGM) [36] or lanthanum 
germanates (such as La9.33Ge6O26) [37]. Use of these materials could lead to increased 
flux of O
2-
 across the membrane.  Additionally, the external circuit in these systems can 
be used to change the potential difference across the membrane and therefore control the 
O
2-
 flux.  The circuit can also be used to add additional electrons to the system, using the 
system as an oxygen pump to increase the flux electrochemically [16].  These advantages 
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could be really useful in an OCM system, however more research must be done to 
determine what materials are best suited for each component in this type of system. 
Beyond just increasing the flux of O
2-
 across the membrane, research should also 
be focused on developing OCM catalysts that are specifically tailored for membrane 
reactor systems. Although it is possible to use the membrane for both oxygen flux and 
activation of methane, from the available literature on OCM membrane reactors, it is 
apparent that adding a selective OCM catalyst to the membrane reactor results in higher 
yields [27,29]. Despite these findings, few catalysts have been tested, and many were not 
chosen specifically for their compatibility in a membrane reactor. Therefore it is likely 
that improvements can be made if catalysts are developed specifically for this type of 
reactor. 
Optimal catalysts for membrane reactor systems not only need to have high 
selectivity to C2 products, but they also need to be designed to be integrated with the 
solid oxide membrane and operated at membrane reactor conditions (we note here that 
the "catalyst" in a membrane reactor system could be one material or multiple materials 
that when mixed together have the desired properties). The properties required for a 
membrane reactor catalyst are summarized in Table 4.2.  In a membrane reactor system, 
oxygen is transported through the solid oxides as O
2-
, and in order for the transfer of O
2- 
between the membrane and catalysts to occur, the catalyst must be ionically conductive 
and in close contact with the membrane.   To achieve the contact area required for O
2-
 
transfer, catalysts in solid oxide membrane systems are often fabricated at high 
temperatures (>1273 K) where the catalyst is sintered to the membrane layer.  At these 
high temperatures, solid state reactions can occur between the membrane and catalyst 
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materials which can change the material properties [38,39].  Furthermore, materials with 
dissimilar coefficients of thermal expansion can cause problems including delamination 
of the catalyst from the membrane, or in more extreme cases, can cause the membrane 
reactor to crack and leak [35].  Therefore, the compatibility of the membrane and catalyst 
materials should be considered carefully.  In membrane reactors using an external circuit 
for electron transfer, the methane side catalyst must also be electronically conductive to 
transfer electrons to the external circuit.    In addition to these requirements, the catalyst 
material must also be designed to withstand the high temperatures and high methane and 
ethylene concentrations that are present in a membrane reactor.  High concentrations of 
methane and ethylene and low concentrations of oxygen at high temperatures can result 
in carbon deposits that form on the catalyst and degrade its activity [40].   
 
Table 4.2: Properties required for an optimal membrane reactor catalyst 
Property 
Electronically and 
ionically conductive 
membrane reactor 
Ionically conductive 
membrane with 
external circuit 
High selectivity to C2 products x x 
Ionic conductivity x x 
Electronic conductivity  x 
Chemical compatibility at high 
temperature 
x x 
Similar coefficient of thermal 
expansion as the membrane 
x x 
Stable at high temperatures and high 
concentrations of methane and 
ethylene 
x x 
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4.6 Conclusions 
In this chapter, we have assessed a methane oxidative coupling process in packed 
bed and membrane reactors.  From the results, we have found that it is likely that 
improvements in packed bed reactor catalysts alone will not reach the techno-economic 
targets for OCM.  In order to increase the single pass yield of C2 products, solid oxide 
membrane reactors should be tested with catalysts that are specifically designed to 
operate in a membrane reactor.  More research is required to develop membrane reactors 
for this process that are made of compatible materials, have high O
2-
 flux through the 
membrane, have facile O
2-
 transfer between the membrane and the catalyst, are capable 
of returning the electrons to the air side, and have high selectivity to C2 products at the 
operating conditions.  Overall, many technical hurdles must be overcome before 
membrane reactors can be considered as an option for commercialization, however, they 
can theoretically provide large increases in selectivity and yield of C2 products over 
packed bed reactors.  
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Figure 4.5: Schematic of solid oxide membrane reactors with: a) electronic and ionically 
conductive membrane and b) ionically conductive membrane with electronically conductive 
catalysts and external circuit 
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Chapter 5 
 
Oxidative coupling of methane over mixed oxide catalysts designed for solid oxide 
membrane reactors
1
 
5.1 Summary 
Oxidative coupling of methane (OCM) is a process that converts methane directly 
to ethane and ethylene without the intermediate steps associated with synthesis gas (CO 
and H2).    This technology is attractive since oxidative coupling can utilize the abundant 
sources of methane, however selectivity and yield to the desired C2 products is low when 
conventional plug flow reactors are employed.  In order to achieve higher C2 selectivity, 
plug flow membrane reactors (with O
2-
 conducting membranes) can be utilized, which in 
principle can limit the reactions that contribute to the low selectivity to C2 products.  The 
optimal design of a membrane OCM reactor system would include a catalyst that is 
integrated with the membrane and is active and selective under the relevant operating 
conditions. In this chapter we have identified and tested several catalysts for OCM 
activity and selectivity which could be integrated into a solid oxide membrane reactor.  
Catalysts tested include lanthanum gallate doped with strontium and magnesium 
(La0.8Sr0.2Ga0.8Mg0.2O3-x, LSGM), lanthanum manganite doped with strontium 
(La0.8Sr0.2MnO3-x, LSM) and lanthanum strontium cobalt ferrite (La0.8Sr0.2Fe0.8Co0.2O3-x, 
LSCF).  We show that in packed bed reactor tests LSGM and LSGM doped with lithium 
                                                          
1
 The work in this chapter is also included in the following publication: Farrell, B., Linic, S., Oxidative 
coupling of methane over mixed oxide catalysts designed for solid oxide membrane reactors. Submitted. 
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reached over 90 % selectivity to C2+ products at high CH4/O2 operating ratios which are 
applicable to membrane reactor designs.  We also show that although new phases are 
formed under the reaction conditions, the new phases are stable and reactive over a 
period of 48 hours.  Further, we discuss how the LSGM catalysts might be integrated into 
a membrane reactor system. 
5.2 Introduction 
Over the past few decades, methane production has increased due to the 
availability of shale gas and tight oil [1,2].  Most methane produced is combusted to 
generate heat and power. A smaller fraction is reformed to produce synthesis gas, a 
mixture of CO and H2, which is used to make chemicals and fuels including methanol, 
alkanes, and olefins [2]. In these indirect methane conversion processes, the methane 
reforming  and compression account for a large fraction of the overall capital cost (60% 
or more) [2,3].  Therefore, there is significant interest in processes that could convert 
methane directly into higher value chemicals or fuels without expensive reforming steps.   
Methane can be directly converted to ethane and ethylene (C2) using oxidative 
coupling. The proposed mechanism of this process on most studied heterogeneous 
catalysts involves an extraction of a hydrogen atom from methane on a catalyst surface to 
form a methyl radical (*CH3) [4].  The methyl radical is then released from the surface, 
coupling with another methyl radical in the gas phase to form ethane which can be 
subsequently dehydrogenated to form ethylene [5].  Water is formed as a byproduct from 
the extracted hydrogen and oxygen on the catalyst surface.   This process was reported  in 
the early 1980's by Keller and Bhasin and Hinsen and Baerns [6,7].  Since then, there 
have been a large number of catalysts tested [8];  however, few have shown product yield 
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and conversion that meet broadly accepted techno-economic targets of ~ 35 % yield of C2 
products (ethane and ethylene) per pass with the C2 selectivity around 90%, at reasonably 
high rates using undiluted air and methane feeds [8,9].  We note that these techno-
economic targets were reported in 1989 for processes converting methane to olefins, and 
it is possible that slightly different targets would apply today. 
The reported C2 yields in oxidative coupling of methane (OCM) are relatively low 
because at high operating temperatures (>873 K for most catalysts) required for the 
activation of strong C-H bonds in methane, CO2 is the most thermodynamically favorable 
product [10].  It has been suggested that the undesired CO2 and CO products (the C1 
products) are formed in two ways: 1) in a parallel reaction path directly from methane 
and oxygen via combustion and reforming reactions and 2) in sequential reactions, 
indirectly by further oxidation of ethane and ethylene [11]. The suggested network of 
reactions involved in oxidative methane coupling is shown in Scheme 1.   
 
 
 
Scheme 5.1: OCM reaction network 
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Even a cursory analysis of the network in Scheme 1 sheds light on the difficulties 
associated with the design of efficient OCM chemical processes.  An optimal catalyst 
needs to extract a hydrogen atom from methane and release the methyl radical. The 
catalyst needs to accomplish this task without oxidizing ethane and ethylene in sequential 
reactions. The activation of C-H bonds in ethane and ethylene compared to the C-H 
bonds in methane represents a significant constraint since the activation of C-H bonds in 
ethane and ethylene leads to the complete oxidation of these desired product compounds 
[12]. It can be easily demonstrated that reaction networks where sequential reactions lead 
to unselective products achieve higher yields to selective products when operated in 
reactors with low degree of mixing between reactants and products. Therefore, a large 
fraction of studies performed to date have employed plug flow reactors (PFR) with low 
mixing. These studies have demonstrated that alkali-promoted oxides and mixed oxides, 
mainly Li-MgO and NaMnWO3, yielded some of the highest measured yields to C2 
products. For example, Li-MgO operated at 973-1073 K reached the C2 yield of 18-22% 
with the selectivity to C2 products of 55-65% [13], while NaMnWO3 operated at 
temperatures higher than 1073 K reached the C2 yields of 20-30% and the selectivity of 
70-80% [14].  Furthermore, a kinetic analysis of the reactions in the network in Scheme 
1, performed on an oxide catalyst (La2O3/CaO was used), illustrated that the reactions 
leading to C1 products (CO and CO2) exhibited approximately 1
st
 order dependence on 
the partial pressure of O2, while the reactions leading to the desired C2 products showed 
½ order dependence on O2 [11]. This kinetic information suggests that to increase the C2 
selectivity, it is important to operate at relatively low partial pressures of oxygen.  
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One way to achieve the above discussed optimal operating conditions of low 
reactant and product mixing and low partial pressure of oxygen is to employ membrane 
plug flow reactors, which allow for a controlled flux of oxygen along the length of the 
reactor.  The main difference between conventional plug flow reactors (PFR) and a 
membrane plug flow reactor is that in the conventional PFR the local partial pressure of 
O2 at the entrance of the reactor is high. This results in high rates of the reactions leading 
to the combustion products and therefore low C2 selectivity. On the other hand, the flux 
of oxygen species into the membrane PFR is steady along any point in the reactor and the 
deep oxidation reactions can in principle be better controlled. It is important to note that 
at high temperatures required for activation of methane C-H bonds, membrane materials 
that can selectively transport only one reactant are limited to solid oxide materials. In this 
design, oxygen diffuses in the reactor through the solid membrane in the form of an O
2-
 
ion [15].  
There have been relatively few studies where solid oxide membrane reactors were 
employed for oxidative coupling of methane [15–19]. While these studies have 
demonstrated  that the selectivity of C2 products can be increased by using membrane 
reactors, no system has achieved the above-described techno-economic targets [17,18,20–
22]. There are two major factors that have hindered the performance of membrane 
reactors for OCM.  First, in general these systems suffer from low reactant conversion 
due to the relatively low flux of oxygen through the solid oxide membrane.  To increase 
the oxygen flux, the operating temperature can be increased; however, this has a negative 
effect on the selectivity to the desired products.  Recent advances in solid oxide fuel cell 
(SOFC) and oxygen separation technologies, including the development of methods to 
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manufacture very thin oxide membranes as well as the discovery of new membrane 
materials that transport oxygen anions at lower temperatures and that conduct both 
oxygen ions and electrons, may provide new opportunities for the development of 
improved oxidative coupling processes [23,24]. Another issue with membrane reactors is 
that many membranes have been tested without a selective OCM catalyst on the methane 
side of the membrane, i.e., the membrane served not only to conduct the O
2-
 ions but also 
to catalyze the chemical reactions. Adding a selective catalyst, tailored for OCM, to the 
membrane surface should increase the C2 selectivity [20,25].  We note that optimal 
systems will require catalysts that are not only active and selective for OCM but also that 
can be seamlessly integrated with the membrane material in a functioning device.  
The focus of this chapter is to test the performance of a number of potential OCM 
catalysts that based on their physical properties can be seamlessly integrated with state of 
the art solid oxide membranes. This is a necessary starting point for the development of 
optimal solid oxide membrane-based OCM catalytic systems. The catalysts were selected 
based on three criteria that make them potentially suitable for the membrane OCM 
systems. The first criterion was to focus on catalysts that contain elements which have 
shown high C2 selectivity in previous OCM studies. In this, we were guided by the work 
performed by Zavyalova et al. who performed statistical analysis of published data (from 
over 400 references) reporting the C2 OCM selectivites and yields of various complex 
multi-component catalysts.   The statistical analysis suggested that in general, catalysts 
containing La and Mg host oxides exhibit the best performance. It also showed that the 
addition of a number of dopants including Ba, Sr, Mn, W, Na, Li, or Cs had a positive 
effect on the C2 yield for a large fraction of catalysts [8].  Second, catalysts were chosen 
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for their stability and compatibility with solid oxide membrane materials at fabrication 
and reaction conditions. Solid oxide membranes are typically fabricated at temperatures 
above 1273 K to sinter the catalyst layer to the membrane surface, which is required to 
provide the O
2-
 ions with a direct pathway between the membrane and catalyst phases. At 
these processing temperatures, solid state reactions resulting in changes in the 
composition and properties of the membrane and catalyst materials can occur. 
Furthermore, it is important to have membrane and catalyst materials with similar 
coefficients of thermal expansion to avoid stresses on the membrane that can lead to 
rupture and leakage of reactants. Finally, in addition to the above mentioned requirements 
of high C2+ selectivity and stability, catalysts that exhibit high O
2-
 ionic affinity and 
conductivity at high temperatures were the focus of our attention. This requirement 
ensures that the transport of O
2-
 from membrane to the catalyst is facile.  
Considering these three criteria, we narrowed our focus to lanthanum gallate 
oxides doped with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-δ or LSGM), 
lanthanum manganite doped with strontium (La0.8Sr0.2Mn0.98O3-δ or LSM) and lanthanum 
ferrite doped with strontium and cobalt (La0.6Sr0.4Co0.2Fe0.8O3-δ or LSCF).  All three 
materials contain compositions that the above-mentioned statistical analysis suggested 
are promising for OCM, they are stable at elevated processing temperatures, and they are 
able to efficiently shuttle O
2-
 ions. Our objective was to measure the conversion-
selectivity curves of the catalytic materials in OCM under different operating conditions. 
The measurements were performed in a plug flow packed bed reactor.   We found that 
lanthanum gallate doped with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-δ, or 
LSGM) has the highest selectivity to C2 products at low partial pressures of oxygen.  We 
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also found that adding a small amount of lithium in the form of Li2CO3 to LSGM slightly 
improves its overall yield at higher oxygen partial pressures.  These results suggest that 
LSGM is a promising as catalyst for the potential use in a solid oxide membrane reactor.  
 
5.3 Experimental Methods, Results, and Discussion 
The mixed metal oxide powders used in this study were lanthanum gallate doped 
with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-δ or LSGM, Sigma Aldrich), 
lanthanum strontium manganite (La0.8Sr0.2Mn0.98O3-δ or LSM, Praxair) and lanthanum 
strontium cobalt ferrite (La0.6Sr0.4Co0.2Fe0.8O3-δ or LSCF, Sigma Aldrich).  Each powder 
was combined with graphite (300 mesh, Alfa Aesar) in a weight ratio of 1:0.56.  The 
resulting powder was ground by hand using a mortar and pestle then pelletized into 
cylinders that were 6 mm in diameter and 3.5 mm in length.  The carbon was then burned 
out of the catalyst pellets at 1273 K for 4 hr (ramp rate of 2 K/min) to create porous 
catalyst pellets weighing 0.11 g each. Lithium was added in the form of Li2CO3 (99+%, 
Acros Organics) to some of the LSGM catalysts in an aqueous solution and dried at 348 
K, resulting in catalysts that are 1% Li by weight.  Table 5.1 shows the BET surface area 
and the median particle diameter for the powders used in this study.  Due to the fact that 
these catalysts are designed to be sintered at high temperatures into self-supporting 
porous structures that can be integrated in membrane reactors, the particle sizes are large 
and the surface areas are relatively low.   
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Table 5.1: BET surface area and particle size for the catalysts used in this study 
 BET surface area (m
2
/g) Particle size d50 (μm) 
LSGM 4 0.8 
LSCF 5.5 0.4 
LSM 4.77 1.1 
 
 
For each experiment, a catalyst pellet was loaded into a ¼” inner diameter 
alumina tube resulting in a total catalyst weight of 0.11 g.   Silica wool was added to both 
sides of the tube to prevent movement of the catalyst pellet.  The alumina tube was 
placed in a horizontal tube furnace and heated under Ar flow to 1023-1123 K at 2 K/min.  
After reaching the reaction temperature, the catalysts were held under Ar flow for ~8 
hours before air and a certified mixture of 95% CH4 and 5% He (Cryogenic Gases) were 
fed using mass flow controllers.  The outlet gas was analyzed using a Varian CP 3800 gas 
chromatography system (GC) equipped with two thermal conductivity detectors and a 
flame ionization detector.  All measured peak areas were compared to gas calibration 
standards (SCOTTY, Cryogenic Gases) to determine the outlet gas concentrations.  Prior 
to catalyst testing, the system was operated without catalyst to determine the role of gas 
phase reactions and reactions due to the tube walls and silica wool.  At a O2:CH4:Inert 
molar ratios of 1:3:4 (where the inert gas is a mixture of N2 from air and He from the 
methane mixture) and a total flow rate of 100 sccm, the methane conversion without 
catalyst was 1.3% and 4.1% at 1023 K and 1073 K, respectively.  This conversion is 
approximately 5 % of the conversion obtained using the catalysts at 1023 K, and it does 
not impact the results reported below.  
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X-ray diffraction (XRD) was performed using a Rigaku MiniFlex spectrometer.  
This instrument uses a Cu Kα X-ray source with a graphite monochromator. Data was 
acquired at a tube voltage and current of 40 kV and 15 mA.  XRD patterns were collected 
with a continuous sweep from 2ϴ of 20-80 at a rate of 2 2ϴ/min.  Phases were identified 
using the assistance of Jade software.   
The data in Figure 5.1 show the C2+ (ethane, ethylene, propane, and propylene) 
selectivity and yield as a function of methane conversion and CH4/O2 ratio for the tested 
catalysts. Methane conversion, C2+ selectivity, and C2+ yield were based on molar 
fractions in the outlet gas and calculated using the following equations:  
 
 
 
The temperature at the inlet of the reactor was 1023 K, and the total inlet flow rate 
of the air and methane mixture was held constant at 100 sccm.  The conditions yielded 
approximately equivalent space and weight hourly space velocities for all the tested 
materials. The CH4/O2 molar ratios at the inlet of the reactor were between 0.8 and 160. 
We note that for the sake of completeness we probed the behavior of the system under 
some extreme CH4/O2 molar ratios (i.e., as high as 160).  Although the yields at these 
conditions are quite low in a packed bed reactor, these ratios were included in our tests 
since the partial pressure of oxygen in solid oxide membrane reactors can be very low. 
5.1 
5.2 
5.3 
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We note that in packed bed reactors the C2 yield typically reaches a maximum at a 
CH4/O2 ratio of ~ 3 [13].  The tested range of molar flow rate ratios allowed for the 
manipulation of methane conversion up to ~ 65 % for the given set of operating 
conditions. We found that over this range of CH4/O2 molar ratios, oxygen was always the 
limiting reactant. Oxygen consumption was above 82% in all experiments, and above 
90% in most experiments.  The catalysts were tested at each reaction condition multiple 
times over the course of 48 hours.  The error bars represent the standard error (the 
standard deviation of the measurements divided by the square root of the number of 
measurements) of the measurements at each reaction condition.    
The data in Figure 5.1 show that the LSGM and 1% Li-LSGM catalysts had 
selectivity to the C2+ products of ~ 90%, achieved at the lowest CH4 conversions, which 
corresponded to the highest CH4/O2 molar ratios.  As the conversion increased 
(corresponding to a decrease in the CH4/O2 molar ratio), the selectivity to C2+ products 
decreased. The data in Figure 5.1 show that the yield of C2+ products for the LSGM 
catalysts reached a maximum of ~ 10% at the CH4 conversion of 28% and (CH4/O2 molar 
ratio of 3).  This yield was slightly increased to over 11% for the LSGM catalysts when 1 
wt% Li was added.  The selectivity-conversion curves in Figure 5.1 for LSM show 
similar trends as those observed for LSGM; however, the C2+ yields and selectivity were 
considerably lower. For example, the highest C2+ selectivity for LSM was ~ 6.0% 
observed at high CH4/O2 ratio and low CH4 conversion. On the other hand, LSCF showed 
slightly different behavior with very low C2+ selectivity (approaching zero) at low 
conversion (high CH4/O2 ratio). As the conversion increased and the CH4/O2 ratio 
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decreased, the selectivity to C2+ products increased to a maximum of ~ 4.5% and then 
decreased at higher conversion.  
The data in Figure 5.2 show the selectivity of each product as a function of the 
conversion and CH4/O2 ratio for tested catalysts.  This data gives insights into the 
mechanism of the reaction on each catalyst.  On the LSGM and Li-LSGM catalysts, 
ethane selectivity was high at low conversion (high CH4/O2 ratio) and decreased with 
increasing CH4 conversion. The selectivity of ethylene, CO, and the C3 products went 
through a maximum as a function of an increasing CH4 conversion.  On the other hand, 
CO2 selectivity was low at low conversion (high CH4/O2 ratio), and increased as the CH4 
conversion increased.  These trends indicate that on LSGM and Li-LSGM, ethane is the 
primary product, and the main pathway leading to the combustion products includes the 
sequential oxidation of ethane.  The data for the LSM catalyst show that similar to 
LSGM, the ethane selectivity decreased as the conversion increased.  However, unlike 
LSGM there were also large amounts of the deeper oxidation products (CO and CO2) 
produced at low conversion and high CH4/O2 ratios. This indicates that the deep 
oxidation reactions, triggered by the activation of C-H bonds in methane, ethane, and 
ethylene, are more facile on this material compared to LSGM.  In contrast, the LSCF 
catalyst had very high selectivity to CO and no selectivity to ethane at low conversion 
(high CH4/O2 ratio). This behavior of LSCF suggests that compared to the other tested 
materials the direct CH4 partial oxidation to CO and H2 is a more dominant unselective 
pathway for this material.  In general, we postulate that the low selectivity exhibited by 
LSCF and LSM is likely due to the presence of transition metals (particularly Co and Fe) 
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in the catalysts. These transition metals are effective catalysts for the deeper oxidation of 
hydrocarbons.   
The catalyst testing demonstrated that the LSGM and Li-LSGM catalysts 
produced the highest C2+ yields.  To further understand the effect of the reaction 
conditions on the catalysts, we varied the reactor temperature.  The data in Figure 5.3 a 
and b show the yield of the combined C2+ products (ethane, ethylene, propane and 
propylene) at operating temperatures between 1023 K and 1123 K for the O2:CH4:Inert 
(He+N2) molar ratio of 1:3:4 with a total flow rate of 100 sccm for the LSGM and Li-
promoted LSGM catalysts. These are the conditions that resulted in the highest C2+ 
yields. While the Li doped catalysts exhibit slightly improved performance, the overall 
yield of C2+ products for both catalysts decreases with increased temperature. 
Furthermore, the ethylene/ethane ratio increased as the operating temperature increased.  
These results are consistent with the sequential reactions occurring where ethane reacts 
with oxygen to form ethylene and unselective C1 products (CO2 and CO).  
For catalysts containing Li, the stability of the catalyst is an important factor 
because Li can be lost over time when it is converted to LiOH in the presence of oxygen.  
Figure 5.4 shows data from a stability test of the 1% Li-LSGM catalyst over 48 hours of 
constant reaction conditions of 1073 K with a O2:CH4:Inert (He+N2) ratio of 1:3:4 and a 
total flow rate of 100 sccm.  The data show that the catalyst was stable over 48 hours 
under these conditions with little change in conversion of CH4 or the yield and selectivity 
of C2+ products.   
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Figure 5.1: Selectivity and yield of C2+ products for each catalyst tested at 1023 K with a 
total inlet flow rate of 100 sccm.  Lines are included to guide the eye. 
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Figure 5.2: Selectivity of CO (diamonds), CO2 (squares), Ethylene (triangles), Ethane 
(circles), and C3 products (x) as a function of methane conversion and CH4/O2 ratio for 
LSGM, 1% Li-LSGM, LSCF, and LSM catalysts. Lines are included to guide the eye. 
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Figure 5.3: Effect of temperature on the overall yield of C2+ products and on the yields of 
ethane and ethylene for LSGM and 1% Li-LSGM catalyst operating at O2:CH4:Inert 
(He+N2) ratio of 1:3:4 and total flow rate of 100 sccm: a) LSGM b) 1% Li-LSGM 
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We have also characterized fresh and used LSGM and 1% Li-LSGM catalysts 
using XRD.  The data in Figure 5.5 show the normalized X-ray diffraction pattern of 
fresh LSGM (Fig. 5.5a), LSGM after heating to 1073 K and cooling back to room 
temperature in Ar gas (Fig. 5.5b), and the LSGM catalyst after it has been under reaction 
conditions at 1073 K for 48 hours (Fig. 5.5c).  Comparison between the diffraction 
spectra in Figures 5.5a, 5.5b, and 5.5c shows that there are new features that appear in the 
XRD spectra of the pretreated and used catalysts. We have assigned the new features to 
SrLaGaO4 and carbon deposits. There are several peaks that we were unable to assign, 
including a peak at 2ϴ of 29.7 that appears in both of the catalysts that have been 
exposed to methane as well as the LSGM when heated in Ar. SrLaGaO4 can be formed 
when the LSGM is held under reducing conditions at high temperatures [26].  The 
presence of this impurity phase indicates that the LSGM was partially reduced.  The 
appearance of the new phases after the thermal treatment in an inert environment in 
Figure 5.5b suggests that this new phase is not the result of the catalyst operation at the 
reaction condition, but rather it is a consequence of the thermal reduction of the material. 
It is important to point out that the conversion and selectivity were stable (at least for 48 
hours, the period over which our testing was performed). The data in Figure 5.5d show 
X-ray diffraction patterns for the 1% Li-LSGM catalyst after it has been heated in Ar to 
1073 K and cooled down to room temperature, while the data in Figure 5.5e show the 
diffraction pattern of 1% Li-LSGM after its operation at the reaction conditions at 1073 K 
for 48 hours.  The two catalysts doped with Li show the same SrLaGaO4 phase that 
appeared in the LSGM, along with two new phases that we have assigned as La4Ga2O9 
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and SrLaGa3O7.  Comparison of Figure 5.5d and Figure 5.5e show that these phases are 
formed during the thermal reduction of the material (in argon), and that the materials is 
otherwise stable at the reaction conditions over 48 hours.  As shown in Figure 5.4, the 
selectivity and conversion are steady over this period of time for 1% Li-LSGM. 
The data presented above show that LSGM and 1% Li-LSGM are highly selective 
towards the C2+ products at high CH4/O2 ratios and low methane conversion. In addition, 
this material has several other characteristics that make it potentially useful as a catalyst 
and/or membrane material in solid oxide membrane OCM reactors.  First, when 
compared to other O
2-
 ion conducting materials, LSGM has relatively high O
2-
 ionic 
conductivity of  ~ 0.17 S/cm at 1073 K [23,27]. Therefore, LSGM should be able to 
accept oxygen anions directly from a membrane and rapidly transfer them to the active 
centers where the reactions are taking place. Therefore the diffusion of ions through the 
catalyst in a solid oxide membrane device should not be an issue. The high ionic 
conductivity of LSGM also suggests that this material could serve a dual role, acting as 
the catalyst and membrane. Using LSGM as both the membrane and catalyst material has 
the advantage of avoiding high temperature reactions between dissimilar materials that 
commonly occur at the temperatures used to create solid oxide membrane devices. 
Furthermore, in this design thermal stresses that are the consequence of the difference in 
the thermal expansion coefficients of the catalyst and membrane materials can be 
minimized.  To use LSGM as both a catalyst and membrane material, it will be necessary 
to provide a way to balance the charge of the system. We note that LSGM transports 
oxygen in the form O
2-
 ion and to achieve high ion conductivity, which is required to 
achieve high overall conversion, it is necessary to provide electronic pathways between 
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the oxygen and methane sides of the membrane.  This can be done in a few ways: 1) An 
external electronic connection could be employed to connect the two sides of the 
membrane, or 2) LSGM can be doped with Mn, Ni, Co, or Fe to induce electronic 
conductivity into the membrane itself [28].  Both of these methods have advantages and 
disadvantages.  For the external circuit method, an advantage is that the electronic 
potential difference across the membrane can be controlled, with the option of increasing 
the oxygen flux electrochemically.  A disadvantage is that in order to make a circuit, 
there must be an electronically conductive material on the methane side which may 
decrease the selectivity of the overall system. In the case where the membrane itself is 
electronically conductive, an advantage would be that the system is relatively simple, but 
the disadvantages are that there is no control over the oxygen flux through the membrane. 
Furthermore,  adding transition metals to LSGM will likely decrease the selectivity of the 
material to C2+ products as these metals are very efficient in performing complete and 
partial oxidation reactions [29,30].  
  
126 
 
 
 
 
 
 
Figure 5.4: Stability of 1% Li-LSGM catalyst at 1073 K and O2:CH4:Inert molar ratio of 
1:3:4 at a total of 100 sccm. 
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Figure 5.5: X-ray diffraction patterns for LSGM catalysts: a) LSGM as received, b) 
LSGM after heating to 1073 K in Ar c) LSGM after reaction at 1073 K for 48 hours, d) 
1% Li-LSGM after heating to 1073 K in Ar, e) 1% Li-LSGM after reaction at 1073 K for 
48 hours  
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Another option would be to use LSGM as a catalyst material in conjunction with a 
different membrane material that exhibits electronic and ionic conductivities. While there 
are  many solid oxide membrane materials that offer mixed ionic and electronic 
conductivities [24],  the material choice will need to be carefully considered.  It is usually 
required to heat the solid oxide components to temperatures in excess of 1273 K in order 
to achieve good electronic contact between the membrane and catalyst materials.  At 
these temperatures, it is well known that LSGM can react with the components of many 
mixed ion-electron conducting oxide materials that could serve as membranes including 
ceria, zirconia, and LSCF [31,32],  The high temperature solid state reactions result in 
migration of the metals and new phases between the materials, and the new materials that 
are formed may or may not have the desired conductive and catalytic properties 
necessary for a membrane reactor.  For example, when lanthanum and zirconium based 
materials are used in the same device, lanthanum zirconates can be formed [32]. This 
material can block the transfer of O
2-
 across the membrane leading to the loss of methane 
conversion.     
5.4 Conclusions 
In conclusion, we have demonstrated that LSGM and 1% Li-LSGM are active and 
selective as catalysts for oxidative coupling of methane.  In packed bed reactor tests, 
these materials reached over 90 % selectivity to the C2+ products at high CH4/O2 
operating ratios which are applicable to membrane reactor designs.  We have shown that 
although these materials undergo thermal reduction due to the reducing operating 
conditions, characterized by high operating temperatures and CH4/O2 ratios, the new 
phases that are formed are stable and reactive.  Overall, our results indicate that LSGM 
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and 1% Li-LSGM are promising candidates for catalysts to be used in conjunction with a 
membrane reactor for oxidative coupling of methane.   
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Chapter 6 
 
Oxidative coupling of methane using oxygen permeable solid oxide membrane 
reactors with Li-LSGM catalyst 
 
 
 
6.1 Summary 
Oxidative coupling of methane is a process that converts methane directly to 
ethane and ethylene, as discussed in previous chapters.  In this chapter, lanthanum gallate 
doped with strontium and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-x, LSGM) was doped with 
1% Li and tested as a catalyst material for the oxidative coupling of methane in 
membrane reactors.  Small disk shaped membrane supported reactors were fabricated 
from La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and La0.8Sr0.2Ga0.8Mg0.2O3-δ (Ni-LSGM), with 
porous air and methane catalysts on either side.  Characterization of the physical and 
chemical properties of the reactors showed good contact between the layers of each 
reactor, however there was some transfer of cobalt between the layers.  In both types of 
membrane reactor, the selectivity to ethane and ethylene (C2+) products was above 90% at 
1073 K despite the presence of transition metals in the membranes.  The highest methane 
conversion achieved in the reactors at 1073 K was 1.8% with a C2+ yield of 1.6%, 
however the conversion declined over time.  The decline in conversion was likely due to 
carbon deposition on the surface of the methane catalyst, and the presence of carbon was 
confirmed by XRD.     
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6.2 Introduction  
As described in Chapters 4 and 5, the oxidative coupling of methane (OCM) can 
be used to generate ethane and ethylene directly from methane over metal oxide catalysts.  
Although this process has been studied extensively since the first reports by Keller and 
Bhasin and Hinsen and Baerns in the 1980's [1,2], there are still no commercial chemical 
plants operating using this technology because of the low single pass yields of C2 
products (ethane and ethylene).  In order to obtain higher C2 yields, a different approach 
needs to be taken that deviates from testing catalysts in packed bed reactors. 
A different type of reactor that is well suited to OCM is a solid oxide membrane 
reactor that selectively allows oxygen across the membrane as O
2- 
[3].  Although these 
reactors are typically used for solid oxide fuel cells and oxygen separation from air, they 
also have properties that make them useful for OCM.  First, they operate at the high 
temperatures (973-1273 K) required to activate methane on metal oxide catalysts.  
Additionally, when shaped into tubes and operated under plug flow conditions, this type 
of reactor has much higher theoretical yields than packed bed reactors operating with the 
same catalyst under similar conditions.  The increase in yield compared to packed bed 
reactors is due to the distribution of oxygen along the length of the reactor which favors 
C2 coupling reactions over deeper oxidation reactions that form the unselective products 
CO and CO2 (COx). 
Out of the thousands of publications, patents, and reports of OCM, there are 
relatively few studies performed using solid oxide membrane reactors.  These studies 
have shown that dense, gas tight, solid oxide membrane reactors can be fabricated using a 
variety of solid oxide materials including La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [4], 
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Bi1.5Y0.3Sm0.2O3-δ (BYS) [5], and BaCe0.8Gd0.2O3 (BCG) [6], and that adding a selective 
catalyst material to the methane side of the membrane is beneficial to the yield of the 
reactor [7,8].  In a recent publication, Othman et al. showed that a LSCF membrane 
reactor coupled with a BYS catalyst reached a yield of 39%  and selectivity of 79% to C2 
products at 1173 K [8], which represents one of the highest single pass yields reported in 
any type of OCM reactor.  Although this is a promising result, in this reactor study the 
methane flow was diluted to ~10% methane.  This type of dilution is typical in membrane 
reactor studies [4,9–12] in order to increase the conversion of methane and decrease 
carbon poisoning on the surface of the catalyst.  However, this dilution would be 
unrealistic for a commercial process because the diluent gas would need to be separated 
from the products, which would be an expensive process.  In order to show commercial 
viability, membrane reactors should be tested at realistic operating conditions with a high 
concentration of methane. 
One catalyst that is promising for use in membrane reactors is 
La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) doped with a small amount of Li [13].  This catalyst has 
high selectivity to C2+ products at high methane to oxygen ratios [13] as well as high 
ionic conductivity [14], allowing it to accept oxygen anions directly from the membrane. 
LSGM does not have electronic conductivity, and therefore in order to use 1% Li-LSGM 
as a methane side catalyst, a membrane with ionic and electronic conductivity is required 
to return the electrons to the air side catalyst.  In this work, membrane reactors were 
fabricated and tested using 1% Li-LSGM as the methane side catalyst, LSCF or Ni-
LSGM as the membrane material, and LSCF as the air side catalyst.  It is important to 
note that the objective of this study was not to achieve the highest yield possible, but to 
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understand the interactions between the reactor materials, and test the catalyst under 
realistic membrane reactor operating conditions.  To achieve this, the reactors were 
characterized for both their structure and elemental composition, and tested using high 
concentrations of methane.  Overall, the selectivity to C2+ products was high (~90%) but 
the small surface area of the reactors limited the conversion of methane and the overall 
yield of C2+ products.  There was also a significant decrease in the conversion over time, 
which was due, at least in part, to carbon accumulation on the surface of the catalyst.   
6.3 Experimental Methods 
6.3.1 Membrane and Reactor Fabrication 
The membrane reactors used in this study were membrane supported, where the 
membrane material provided the structure of the reactor.  La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 
and Ni doped La0.8Sr0.2Ga0.8Mg0.2O3-δ (Ni-LSGM) were tested as membrane materials.  
LSCF has electronic and ionic conductivity, and was used as received from Sigma 
Aldrich.  LSGM was doped with Ni in order to give electronic conductivity to LSGM 
[15], which is ionically conductive, but has negligible electronic conductivity.  Ni was 
added to the LSGM in the form of NiO to order to dope the Ga sites with ~15% Ni.  To 
synthesize the Ni-LSGM, LSGM (Sigma Aldrich) and NiO (Alfa Aesar) powders were 
mixed in a mass ratio of 18:1 in a mortar and pestle until the mixture was uniform in 
color.  The mixture was then heated on a quartz plate to 1273 K in air for 6 hours with 
heating and cooling rates of 2 K/min.  The resulting mixture was deep brown in color.   
The LSCF and Ni-LSGM powders were measured into 0.18 g samples and 
pressed into pellets using a 15 mm diameter stainless steel die and a pellet press.  The 
pellets were carefully removed from the die, placed on zirconia plates, and sintered at 
139 
 
1723 K in air for 4 hours with heating and cooling rates of 1 K/min.  After this sintering 
process, catalysts were added to either side of the membranes. 
1% Li-LSGM was used as the methane side catalyst in the membrane reactors.  
LSGM (Sigma Aldrich) was mixed with graphite (Alfa Aesar) in a mass ratio of 3:1 in a 
mortar and pestle.  The catalyst was then suspended in ethanol and approximately 8 mg 
of catalyst was drop coated onto the surface of each membrane.  The air side catalyst, 
LSCF (Sigma Aldrich), was mixed with graphite in a mass ratio of 1.75:1 in a mortar and 
pestle.  The mixture was then suspended in ethanol and painted onto the surface of the 
membrane on the opposite side of the methane catalyst.  The membrane reactors were 
then heated to 1423 K in air for 2 hours with heating and cooling rates of 2 K/min.  
Li2CO3 (Acros Organics) was dissolved in water and added to the LSGM in four 
additions, allowing the catalyst to dry at 348 K between additions.  This process resulted 
in a total of 1% Li by weight in the catalyst.   
The reactors were mounted onto the top of a ceramic tube with the 1% Li-LSGM 
catalyst facing the inside of the tube.  The junction was then sealed with a paste made 
from glass powder (Bullseye Glass) and an aqueous solution of polyvinylpyrrolidone 
(PVP).  As the reactors were heated the PVP burned away and the glass powder melted, 
creating a molten glass seal at the operating temperature.        
6.3.2 Reactor Testing 
The alumina tube with the reactor was then mounted inside of a vertically 
oriented tube furnace capable of temperatures up to 1473 K.  The reactors were heated 
from room temperature to the operating temperature at 1.3 K/min under Ar flow.  After 
reaching the reaction temperature, dry air was fed to the air side of the reactor at 50 sccm 
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and a mixture of 95% CH4 and 5% He (Cryogenic Gases) were fed to the methane side of 
the reactor at 5 sccm using mass flow controllers.  Effluent gases were analyzed by gas 
chromatography.  Thermal conductivity detectors were used to monitor H2, He, O2, N2, 
CO, and CO2, while a flame ionization detector was used to monitor CH4, C2H6, C2H4, 
and C3 products.  The detectors were calibrated using certified gas mixtures (Scotty 
Gases and Cryogenic Gases).   
6.3.3 X-Ray Diffraction 
X-ray diffraction (XRD) was used to characterize the crystal structure of the 
membranes and the catalysts used in this study.   The XRD patterns were collected using 
a Rigaku MiniFlex spectrometer.  This instrument uses a Cu Kα X-ray source with a 
graphite monochromator. Data was acquired at a tube voltage and current of 40 kV and 
15 mA.  XRD patterns were collected with a continuous sweep from 2ϴ of 20-80 at a rate 
of 2 2ϴ/min.  Phases were identified using the assistance of Jade software.  
6.3.4 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was used in this study to determine the 
physical structure of the membrane reactors as well as perform elemental analysis on the 
membranes and catalysts.  Electron micrographs were obtained using a Philips XL30FEG 
scanning electron microscope which has a resolution of a few nanometers.  The elemental 
analysis on the samples was performed using a Si-Li solid state x-ray detector attached to 
the microscope which provided energy dispersive x-ray spectroscopy (EDS) data.  Both 
the images and EDS data were collected with an accelerating voltage of 10-30 kV at a 
working distance of 10 mm.  In all SEM experiments, the membrane reactors were 
fractured in order to view the cross section of the reactor. 
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6.4 Experimental results and discussion 
6.4.1 Reactor Characterization 
6.4.1.1 Membranes 
Figure 6.1 shows XRD patterns for the membrane materials used in this study, 
along with the peaks that would be expected for NiO.  In order for Ni-LSGM to have 
electronic and ionic conductivity, the Ni from the NiO must be incorporated into the 
perovskite lattice.  In the data in Figure 6.1, there are nine peaks labeled with * which 
correspond to the perovskite structure of the LSCF and LSGM materials [16].  The 
diffraction pattern for the Ni-LSGM material shows the same nine peaks, and shows only 
a very small peak at 43.1 which corresponds to NiO.  This provides evidence that the Ni 
has been incorporated into the perovskite lattice during the thermal treatments used to 
fabricate the membranes.  The Ni-LSGM also shows some additional small impurity 
peaks which indicate that there is an impurity phase formed when Ni is incorporated into 
the lattice.    
6.4.1.2 Reactor Structure 
Figure 6.2 shows SEM micrographs of the cross section of the membrane reactors 
used in this study.  In each membrane reactor, the top layer is a porous 1% Li-LSGM 
catalyst layer, with a thickness of 25-50 µm.   The middle layer is the membrane layer 
made from either LSCF or Ni-LSGM.  From the micrographs it can be determined that 
the membrane materials are dense and non-porous which is important because high 
membrane density facilitates the transfer of ions and electrons across the membrane 
without allowing gases from either side to pass through.   Using data from the SEM 
micrographs of several of the membrane reactors, the thickness of the membranes was 
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215 +/-  3.5 µm.  The bottom layer is a porous LSCF catalyst layer, with a thickness of 
25-50 µm.  From the micrographs, it can be determined that the catalyst layers have good 
contact with the membrane and neither catalyst has delaminated from the surface.  
Delamination can be caused by differences in the thermal expansion coefficients of the 
materials and results in poor contact between the layers of the membrane reactor.    
6.4.1.3 Catalyst/Membrane Interfaces 
In addition to determining the structure of the membrane reactors, the SEM was 
also used to perform EDS on the membrane/catalyst interfaces to probe the elemental 
composition of each layer.  Using this technique, we can determine if the components of 
the membranes or catalysts are migrating between the layers of the membrane reactors at 
the fabrication or operating temperatures.  Figure 6.3 shows the interfaces between a 
LSCF catalyst and a LSGM membrane (Figure 6.3a), a LSCF membrane and 1% Li-
LSGM catalyst (Figure 6.3b), and a Ni-LSGM membrane and a 1% Li-LSGM catalyst 
(Figure 6.3c).  In Figure 6.3a and 6.3b, the iron and cobalt (Fe and Co) signals have been 
mapped.  In both of these samples the iron signal (blue) is constrained to the portion of 
the reactor containing LSCF, however, the Co signal (green) is present in both the LSCF 
and LSGM portions of the reactor.  The movement of Co from LSCF into LSGM is well 
documented in solid oxide fuel cell literature [17]. There are a few consequences of the 
diffusion of Co from one part of the reactor to another.  In the case of the LSCF catalyst 
and LSGM membrane (Figure 6.3a), the addition of Co to the membrane will increase the 
electronic conductivity of the membrane.  In membranes that are meant to be 
electronically conductive, this will likely not cause any problems, however, this could 
affect the performance of reactors that are designed to operate using an external circuit.   
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Figure 6.1: X-ray diffraction patterns for the sintered membrane disks 
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Figure 6.2: Scanning electron microscopy images for cross-sections of the membrane 
reactors. a) Ni-LSGM membrane reactor b) LSCF membrane reactor. 
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Figure 6.3: Scanning electron microscopy images and energy dispersive spectroscopy 
maps for membrane/catalyst interfaces. a) LSCF catalyst and LSGM membrane, b) LSCF 
membrane and 1% Li-LSGM catalyst and c) Ni-LSGM membrane and 1% Li-LSGM 
catalyst  
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In the opposite case of the LSCF membrane and LSGM based catalyst (Figure 6.3b), the 
addition of Co to the catalyst could have a detrimental effect on the selectivity of the 
catalyst because in previous tests of catalyst selectivity, catalysts containing transition 
metals (Fe, Co, Mn) showed poor selectivity to C2+ products [13].  In addition, the 
depletion of Co in the membrane may decrease the conductivity of the membrane, 
decreasing the flux of oxygen in the reactor.  In Figure 6.3c, the gallium (Ga) and nickel 
(Ni) signals have been mapped.  In this case, significant quantities of Ni are not detected 
in the catalyst.  However, there are clusters of Ni within the membrane indicating that the 
Ni has not been completely incorporated into the lattice of the perovskite.   
6.4.2 Reactor Testing 
The membrane reactors were tested for oxygen flux, conversion of methane, and 
selectivity and yield of C2+ products.  The methane conversion, C2+ selectivity and yield 
were calculated using the following equations: 
 
 
 
The oxygen flux was calculated using an oxygen balance.  Figure 6.4 shows data for the 
CH4 conversion and C2+ yield and selectivity over time after switching the flow through 
the reactor from Ar to the methane mixture at 5 sccm and 1073 K for reactors with Ni-
LSGM (Figure 6.4a) and LSCF (Figure 6.4b) membranes.  In both reactors the data 
5.1 
5.2 
5.3 
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shows that there is an initial decrease in the conversion of methane and the yield of C2+ 
products.  The decrease in the conversion is rapid at first, but after a time period of about 
40 hours, the conversion stabilizes at ~10% of the original value. The change in the 
conversion will be discussed further in Section 6.4.3. 
 In contrast to the conversion, there is very little change in the overall selectivity 
to C2+ products, which remains above 90% for both reactors over the entire testing 
period.  As a comparison, 1% Li-LSGM was tested in a packed bed reactor at 1073 K 
with a CH4/O2 ratio of 145.  In this packed bed reactor test, the methane conversion was 
1.3% and the selectivity to C2+ products was 87%.  Therefore, the selectivity in the 
membrane reactor was slightly higher than the packed bed reactor at very low conversion,  
indicating that the presence of transition metals in the membrane portion of the reactor is 
likely not detrimental to the C2+ selectivity of the membrane reactor.          
After allowing the activity to stabilize for 40 hours, the temperature in the reactor 
was varied between 1023 and 1173 K to determine the effect of temperature on the 
methane conversion, C2+ yield and selectivity, and oxygen flux.  The results of these tests 
are shown in Figure 6.5.  Figure 6.5a shows the oxygen flux into the reactor, which is 
estimated based on a mole balance of the products and reactants.  The flux of oxygen 
increases with the temperature, and the points lie on roughly a straight line when plotted 
on a log scale against 1000/T.  This is typical for this type of membrane reactor and the 
coefficient of the flux can be modeled using the Arrhenius equation.   
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Figure 6.4: Membrane reactor methane conversion and C2+ yield and selectivity over time 
for a) Ni-LSGM membrane reactor, b) LSCF membrane reactor 
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Figure 6.5: Steady state reactor results for LSCF and Ni-LSGM membrane reactors: 
 a) oxygen flux, b) selectivity to C2+ products, c) methane conversion, d) C2+ yield 
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Figure 6.5b shows the C2+ selectivity data as a function of the temperature.  The 
selectivity at 1023 K is high at above 90%, and as the temperature increases, the 
selectivity remains high until 1123 K when it begins to decrease.  This decrease may be 
due to unselective gas phase reactions which become increasingly significant as the 
temperature increases.    Figure 6.5c and Figure 6.5d show methane conversion and C2+ 
yield data as a function of the reactor temperature.  The conversion and yield increase as 
the temperature in the reactor is increased, and because the C2+ selectivity remains 
relatively high, the methane conversion and C2+ yield follow very similar trends with 
temperature.         
Figure 6.6 shows the selectivity to each carbon product at steady state as a 
function of the reactor temperature for both membrane reactors tested.  At the lowest 
temperature tested (1023 K), ethane made up the largest fraction of the products.  As the 
temperature increased, selectivity to ethane decreased, and selectivity to ethylene 
increased up to a temperature of 1123 K.  Above 1123 K, the total selectivity to C2 
products decreased.  Selectivity to CO, CO2, and C3 products increased with temperature 
over the entire range tested.  These results are consistent with the results from the packed 
bed reactor tests, where ethane is the first product formed, and ethylene and C3 products 
are formed through subsequent reactions as conversion increases.       
6.4.3 Activity Degradation 
Although the reactor conversion reaches a steady state, it is important to 
understand the mechanism responsible for the initial decline in the conversion because if 
it could be prevented, the yield of C2+ products would increase by approximately an order 
of magnitude.  In this type of membrane reactor, the most likely factors limiting the 
151 
 
conversion are either the activation of methane by the catalyst or the flux of oxygen 
through membrane.  At the reaction conditions used in this study, it is very likely that 
carbon deposition is responsible for the decline in the conversion over time.  At 
temperatures of 1073 K with high concentrations of methane and low concentrations of 
oxygen, solid carbon is thermodynamically favorable [18].  XRD was used to test for 
carbon in the used catalyst.  Figure 6.7 shows XRD patterns for catalysts supported on 
membrane disks.  Figure 6.7a shows the diffraction pattern for a 1% Li-LSGM catalyst 
that was heated under Ar to 1073 K and held for 2 hours before cooling back down to 
room temperature.  The diffraction pattern for this catalyst is very similar to the 1% Li-
LSGM catalyst heated in Ar in the packed bed reactor study [13].  Figure 6.7b shows the 
diffraction pattern for the used catalyst which was held at the reaction conditions for 
more than 40 hours and then cooled in methane.  This diffraction pattern shows the 
characteristic perovskite peaks with the addition of a sharp peak corresponding to 
graphitic carbon at 2θ of 26.4.  This result shows that although the catalyst retains its 
perovskite structure under the operating conditions, there is also carbon present in the 
catalyst.  The presence of carbon could explain the decline in conversion over time 
because carbon can bind to the surface of the catalyst, blocking active sites.   
More testing is necessary to determine if carbon deposition is the only factor in 
the decline of the catalyst activity, but it is certainly a problem that needs to be addressed.  
To inhibit carbon in this type of reactor it may be useful to add water to the methane feed, 
which is a common practice to decrease carbon deposition in solid oxide fuel cells [18].  
However, it is likely that the best way to decrease carbon deposition is to increase the 
oxygen flux across the membrane using techniques described in Chapter 4.   
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Figure 6.6: Selectivity of carbon products formed at steady state reaction conditions a) 
Ni-LSGM membrane reactor, b) LSCF membrane reactor 
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Figure 6.7: X-ray diffraction of catalysts supported on membrane disks. a) 1% Li-
LSGM catalyst heated in Ar, b) 1% Li-LSGM catalyst after reaction 
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6.5 Conclusions 
In this work, 1% Li-LSGM was tested as a catalyst material for the oxidative 
coupling of methane in membrane reactors.  Small disk shaped membrane supported 
reactors were successfully fabricated from LSCF and Ni-LSGM, with porous air and 
methane side catalysts on either side.  In both types of membrane reactor, the selectivity 
to C2+ products was above 90% at 1073 K despite the presence of transition metals in the 
membranes.  The highest methane conversion achieved in the reactors at 1073 K was 
1.8% with a C2+ yield of 1.6%, however the conversion declined over time.  The decline 
in conversion was likely due to carbon deposition on the surface of the methane catalyst, 
and the presence of carbon was confirmed by XRD.     
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Chapter 7 
Conclusions and future outlook 
 
7.1 Conclusions 
7.1.1 Solid oxide fuel cells [1] 
The solid oxide fuel cell portion of this study demonstrated that carbon deposition 
catalyzed on monometallic Ni in the process of electrochemical oxidation of ethanol can 
be decreased by alloying the Ni catalyst with small amounts of Sn.  In SOFCs fabricated 
using monometallic Ni, carbon deposition resulted in physical and electrochemical 
changes to the Ni anode.  In contrast, Sn/Ni alloy anodes inhibited the formation of 
carbon-induced degradation catalyzed by Ni, resulting in smaller electrochemical changes 
over time and less carbon deposition.  Additionally, we showed that the C/O ratio on the 
surface of the anode electrocatalyst affects the carbon deposition, with less carbon 
detected near the electrolyte and at lower operating voltages where the C/O ratio is lower. 
Overall the results of this study indicate that the catalyst surface chemistry and local C/O 
ratios are both important factors that must be considered in the design of fuel cell anode 
catalysts operating on oxygenated hydrocarbon fuels.   
7.1.2 Oxidative coupling of methane  
The analysis from the membrane and packed bed reactor models showed that the 
use of membrane reactors for OCM can theoretically result in higher yields of ethane and 
ethylene products compared to packed bed reactors.  The optimal design of a membrane 
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OCM reactor system would include a catalyst that is integrated with the membrane and is 
active and selective under the relevant operating conditions. Therefore, we identified and 
tested several catalysts for OCM activity and selectivity which could be integrated into a 
solid oxide membrane reactor, and found that lanthanum gallate doped with strontium 
and magnesium (La0.8Sr0.2Ga0.8Mg0.2O3-x, LSGM) was a promising candidate [2].  The 
results of the packed bed and membrane reactor studies at 1073 K included in this 
dissertation are shown in Figure 7.1 (in red) along with published data from many other 
studies (in black).  Figure 7 shows that when used in a packed bed reactor, the Li doped 
LSGM used in this study has high selectivity to C2 products at low conversions of 
methane, with decreasing C2 selectivity as conversion increases.  Figure 7.1 also shows 
that when Li-LSGM is used in a membrane reactor, the selectivity to C2 products is 
higher than when used in a packed bed reactor at similar methane conversion, indicating 
that there is an increase in selectivity due to the membrane reactor design. Overall, when 
integrated into a membrane reactor, this catalyst showed high selectivity to ethane and 
ethylene, however, due to low membrane surface area the methane conversion was very 
small and decreased over time which was likely due to carbon poisoning of the catalyst 
surface.        
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Figure 7.1: C2 selectivity and methane conversion diagram for results presented in this 
dissertation (red data points) as well as from several other publications (black data points) 
References for data points in black are included in Chapter 4. 
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7.2 Future directions 
7.2.1 Solid oxide fuel cells 
To further understand the effects of oxygenated fuels on Ni and Sn/Ni alloy 
electrocatalysts, testing should be done at a wider range of temperatures and fuel 
compositions.  In this study, Ni and Sn/Ni anode electrocatalysts were compared at a few 
representative conditions to show the effect of the addition of Sn.  An extension of this 
work would be to test Sn/Ni alloy electrocatalyts at a wider range of temperatures and 
fuel concentrations to better understand the conditions and C/O ratios where carbon 
deposition is inhibited by this type of catalyst.   
Another extension of this work would be to test Sn/Ni alloy electrocatalysts with 
butanol as a fuel.  Like ethanol, butanol can be produced from biomass via fermentation 
and provides reductions in greenhouse gas emissions compared to petroleum gasoline [3].  
Butanol is an interesting oxygenated fuel because although it is produced in significantly 
smaller quantities than ethanol, production is projected to grow because it offers benefits 
over ethanol.  These benefits include 1) energy density comparable to gasoline (can be 
blended with gasoline at higher fractions than ethanol),  2) low miscibility with water, 
and 3) ability use current gasoline infrastructure [4].   
7.2.2 Oxidative coupling of methane 
In this study we have only just begun to understand how oxidative coupling of 
methane might be incorporated into solid oxide membrane reactors and there are many 
future directions that could be pursued.  First, a larger number of catalysts should be 
tested for OCM activity and selectivity.  In this dissertation, the materials tested were 
limited to those commonly used in solid oxide fuel cells.  Although this was a good place 
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to start, there are many other materials that are used as solid oxide membranes and may 
be interesting as OCM catalysts.  A large number of solid oxide membrane materials has 
been compiled by Sunarso et al. in a review [5].  Two of these materials that are 
particularly interesting are Bi1.5Y0.3Sm0.2O3-δ (BYS) [6,7] and BaCe0.8Gd0.2O3 (BCG) [8] 
which have ionic and electronic conductivity and have shown high selectivity to ethane 
and ethylene in previous tests.        
Once catalysts are identified, they should be tested using high methane and 
ethylene concentrations to determine their carbon tolerance.  This is important because 
catalyst activity can quickly degrade under the very low oxygen operating conditions of a 
membrane reactor.  To inhibit carbon in this type of reactor it may be useful to add water 
to the methane feed.  This technique is commonly used to decrease carbon deposition in 
solid oxide fuel cells [9].  However, it is likely that the best way to decrease carbon 
deposition is to increase the oxygen flux into the reactor.   
In addition to decreasing carbon formation on the catalyst surface, increasing the 
oxygen flux into the reactor would have several benefits for solid oxide membrane 
reactors.  Using the current state of the art membrane materials and fabrication 
techniques, oxygen flux through the membrane is still relatively slow.  This results in 
membrane reactors that either have low conversion, have large membrane surface areas 
(and large volumes), or use low flow rates of methane.  Increasing the rate of oxygen flux 
through the membrane should be possible using similar techniques that are used for solid 
oxide fuel cells.  One technique commonly used in solid oxide fuel cells is to support the 
membrane on a porous structure because supported solid oxide membranes can be much 
thinner.  Membrane thicknesses of 10-50 μm can be relatively easily fabricated, and it has 
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been found that thinner membranes decrease the resistance across the membrane, 
increasing oxygen flux [10].   
Another strategy to increase the oxygen flux in solid oxide membrane reactors is 
to use a membrane that does not have electronic conductivity, and control the flux 
electrochemically.  Although there have been studies which employed this technique for 
OCM, there have been many advances in solid oxide membrane reactor technology since 
their publication [11].  One advantage to this type of system is that membrane materials 
could be used that have higher ionic conductivity than  mixed ionic and electronically 
conductive materials, such as lanthanum gallate doped with strontium and magnesium 
(La0.8Sr0.2Ga0.8Mg0.2O3-δ or LSGM) [12] or lanthanum germanates (such as La9.33Ge6O26) 
[13]. Use of these materials could lead to increased flux of O
2- 
across the membrane.  
Additionally, the external circuit in these systems can be used to change the potential 
difference across the membrane and therefore control the O
2-
 flux.  The circuit can also 
be used to add additional electrons to the system, using the system as an oxygen pump to 
increase the flux electrochemically [11]. 
Overall, there are many opportunities for the improvement of solid oxide 
membrane reactors for OCM.  However, in order to advance this technology it will be 
necessary to understand both the catalytic requirements of OCM and the materials 
challenges presented by solid oxide membrane reactors.  Over the last few decades, 
materials and fabrication advances have been made in solid oxide membrane reactors for 
use in solid oxide fuel cells and oxygen separation technologies.  Incorporating these 
advances into membrane reactors designed for OCM will be necessary to increase the 
flux of oxygen across the membrane and increase the yield of C2 products.    
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